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Abstract
The ability to assess the contamination of sediments in estuaries and lakes is extremely 
important. This is because of various factors, both natural (tidal action, chemical 
remobilisation) and anthropogenic (e.g. building work), that lead to the disturbance of 
the sediment can result in the remobilisation or resuspension of the pollutants and, if 
high levels of pollutants are present in a region, they can be responsible for a number of 
health impacts on the local population. The use of sediment cores to investigate the 
pollution levels in the sediment is a relatively easy method of assessing contamination.
The main aims of this study were to investigate pollution in saltmarsh, intertidal and lake 
sediment cores taken from the South Liverpool area and to attempt to distinguish 
different pollutant transport pathways between cores.
This was done using sediment cores taken from a saltmarsh, intertidal area and lake in 
South Merseyside and measuring the heavy metal and persistent organic pollutant (PAH 
and PCB) content using a variety of methods including; X-Ray Fluorescence, 
Environmental Magnetism, Gas Chromatography/Mass Spectrometry and Flame Atomic 
Absorption Spectrometry.
The results showed that, although the pollution input to the region has reduced over the 
last 30 years, there are still high levels of certain chemicals (including lead, mercury and 
PCBs) in the environment. The concentrations of the main pollutants (Pb, Zn, Hg, Cd, 
PCBs and PAHs) are above guideline levels that are considered dangerous to aquatic 
organisms, however with the exception of Cd at Speke, none of the metals are present at 
a concentration that would be considered dangerous to human health. The main source 
of pollution to the saltmarsh is aquatic, whilst the main input to the lake core is from 
atmospheric deposition.
From the data acquired for this project it would appear that the core from the Speke Hall 
Lake location provides a more accurate record of the pollution history of the area than 
those from the more dynamic saltmarsh environment.
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CHAPTER 1
A COMPARISON OF THE POLLUTION RECORD OF SOUTH 
MERSEYSIDE FROM SEDIMENT CORES TAKEN FROM THE 
ESTUARY AND A SMALL LAKE
1.1. Introduction and Overview of the Project
The ability to assess the contamination of sediments in estuaries and lakes is 
extremely important. This is because of various factors, both natural (tidal action, 
chemical remobilisation) and anthropogenic (e.g. building work), that lead to the 
disturbance of the sediment can result in the remobilisation or resuspension of the 
pollutants (Forstner and Muller, 1981). These can then, potentially, enter the food 
chain or result in direct human exposure to contaminants via leisure activities such as 
swimming, boating and fishing.
A proportion of the pollutants entering the estuarine and lacustrine environment 
adsorb onto sediment particles which eventually settle out and are incorporated into 
the sediment record (Forstner and Muller, 1981). It may be possible to use these 
sediments to identify areas and periods of time where the population has been 
exposed to chronic long-term pollution and hence identify the likely causes of 
current patterns of health impacts and potential future health problems in south 
Liverpool.
It has been shown that people living near contaminated land sites are likely to suffer 
from higher incidence of certain diseases. For example, Staples et at (2003) have 
shown how exposure to hexachlorobutadiene (HCBD - a by-product of the 
manufacture of chlorinated hydrocarbons) influences the occurrence of renal disease 
in those living near a source of the chemical (the toxic effects improved in those 
subjects who moved away from the location). A study in Sweden has shown higher 
incidence of end stage renal disease in proximity to a cadmium emitting battery plant 
(Hellstrom, 2001). Numerous studies have shown a link between chemical release to 
the environment and cancer in exposed populations (Friberg et ah, 1986b; Fischer,
1
1987; Kazantzis, 1987; Heinrich, 1988; Chen et al, 1992, Chiou et at, 1995; Klein, 
1996).
1.2. Aims and Hypotheses
The aims of this study are:
1. To investigate historic pollution in saltmarsh, intertidal and lake sediment 
cores taken from the South Liverpool area.
2. To attempt to distinguish different pollutant transport pathways between 
cores from a lake and the intertidal zone.
3. To assess (as a discussion point) the potential viability of using the historical 
pollution record from sediment cores as a method of identifying and 
explaining pollution-related health issues in local populations.
We considered the following hypotheses:
1. The Mersey Estuary is a historically polluted ecosystem and, although levels 
of pollution have improved in recent years, pollutants such as heavy metals. 
Polychlorinated Biphenyls (PCBs) and Polycyclic Aromatic Hydrocarbons 
(PAHs) are still present in concentrations that are considered to pose potential 
health problems for aquatic organisms and the local human population.
2. There is a difference in the sources and transport pathways of pollutants 
reaching sediment cores from different environments (lake and intertidal flat). 
The lake core is likely to receive most of its pollutants via atmospheric 
sources, whilst the intertidal zone will receive predominantly aqueous 
pollution
3. The ability to use a sediment core as a method of identifying historical 
pollution inputs to a region will be dependent on the level of disturbance at a 
site and the pathways the pollutants take to reach the sediment.
2
4. The ability to use historic records of pollutant input to a region as a method to 
explain disease incidence is dependent on various factors including; local 
population dynamics, the continuity of the pollution record and the level of 
detail available in the health records available for a region.
1.3 Thesis Structure
The following study is divided into a number of chapters. Chapters 1, 2 and 3 expand 
on the research aims and background to the study, detailing previous work done in 
the area, the processes operating in the different environments and the land-use and 
pollution history of the region. Chapter 4 is a description of the methods used to 
collect data for the study. Chapters 5, 6 and 7 are a description of the results of the 
study, whilst chapters 8, 9, 10 are a discussion of the results for the individual cores. 
Chapter 11 looks at the differences between the cores from different environments in 
the same geographic area and suggests reasons for these differences. Chapter 12 
draws conclusions from the data presented and suggests further avenues of research 
that could be pursued. The final sections of the thesis are the appendices (including 
correlation matrices and a brief overview of selected health data from the region) and 
the list of references used in the text.
1.4 The Liverpool Bay and Mersey Basin Study Area
Although the cores examined are from the South Liverpool area and therefore will 
most likely reflect localised pollution input, it is possible that some of the 
pollution will be from longer range transport processes including riverine and 
atmospheric, so potential sources from the wider Mersey Basin area are considered 
here.
Any study looking at the Mersey Basin must take into consideration the influence of 
factors in the Liverpool Bay area (Figure 1). This is an area that covers three counties 
(Lancashire, Merseyside and Cheshire) and stretches from Rossall Point, Fleetwood 
(Lancashire) in the north, to the Welsh border of the Dee Estuary in the south. It
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includes the estuaries of the Dee, Mersey, Alt and Ribble and a range of coastal 
habitats such as saltmarshes, sand dunes and soft cliffs (George, 1997).
Figure 1: Liverpool Bay.
The Mersey Basin catchment (Figure 2) is located on the northwest coast of England. 
It encompasses St Helens and Stalybridge in the north and north east, the Pennine 
fringe (between Manchester and the Pennines in the east and Stockport and 
Ellesmere Port in the South (Tomlinson, 1997) and includes most of the catchments 
of the Rivers Mersey and Irwell.
1.5 Previous Research into Pollution in the Region
Due to the industrial history of the Mersey Basin region there has been a wide variety 
of research done on metal and organic pollution in the Mersey Basin. The following 
section presents a review of that research. Although there is a high degree of overlap 
in the research, an attempt has been made here to consider work undertaken in the 
river, in the estuary, then the Liverpool Bay area and finally work done in a number 
of small lakes in the region.
Pollution levels in the Mersey increased from around the 1850s until more stringent 
discharge regulations began to be introduced in the 1970s. The main sources of
4
heavy metals in the estuary at present are bed sediments, sea water, domestic 
discharges and river discharges (Hartnett and Berry, 2010). In general, levels of all 
heavy metals in Mersey sediments have been declining in recent years, although they 
are still enhanced when compared to unpolluted sediments. Decreases are, as 
mentioned above, probably related to stricter discharge regulations, a decline in 
industry in the region and improved efficiency in manufacturing processes (Harland 
et al., 2000).
Map Legend
Figure 2: The Mersey Catchment (taken from the Mersey Basin Campaign leaflet - ‘Mersey 6 minute 
expert
Turner et al. (2004) found that around 30% of dissolved Cd in river water from the 
Mersey was associated with hydrophobic organic matter, but this decreased with 
increasing salinity. The opposite situation was found with Zn concentration which 
increased from 40% in river water to 90% associated with hydrophobic organic 
matter in seawater. Around 80-90% of Hg was associated with hydrophobic organic 
matter and this appeared to be unaffected by salinity. They also showed that 
particulate organic matter and the presence of oxides were important for Cd 
partitioning within the estuary and that the absence of oxides is important for the 
salting out of Hg, possibly due to a greater abundance of sorption sites in their
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absence. Ni appeared to exhibit characteristics of both Hg and Cd. They also 
suggested that the presence of silicates, particulate organic matter (POM) and salinity 
are important factors controlling metal behaviour
A study by Ridgeway et ah (2003) showed enhanced levels of industrial pollution 
indicator metals Zn, Sn and Pb (and slightly raised levels of As and Cu) in the 
Mersey and its tributaries (Irwell, Weaver). Upstream (between Stockport and Sale, 
in an area were the drainage basin encompasses a large part of industrialised 
Manchester) there were higher levels of As, Sn and Pb. In the lower Mersey Basin 
area concentrations of P, Zn, As, Sn and Pb were all raised, as were Sr and Ca 
(probably due to the presence of the shells of marine organisms). Cr, Rb and Zr were 
also present in elevated concentrations. The authors suggest that there is a 
considerable amount of P, Ti, Fe, V, Cr, Ni, Cu, Zn, As, Y, Zr, Nb, Sn, Ba and Pb 
being stored upstream in the catchment (possibly in the Manchester Ship Canal) and 
these are being diluted by cleaner sediments entering form the seaward end of the 
estuary. They suggest that the major contaminant is Zn, but overall levels of 
contamination in the Mersey have decreased in recent years.
Martino et ah (2002) investigated metals in sediments and water from the Mersey 
Estuary. They found a correlation between dissolved Co and Ni, suggesting a 
common source for these metals that was different to that of Zn and Pb. They found 
enrichment of Cd, Co, Cu, Ni and Pb in bed sediments compared to suspended 
particulate matter and suggested that one of the main sources for metals in the 
estuary is resuspension of contaminated sediments. They also discussed the 
possibility that constant resuspension of sediment limits the amount of early 
diagenesis occurring. This is because the mixing process limits the development of 
anoxic conditions in the surface sediments and in areas where mixing is occurring it 
might limit the availability of the metals to the water column. Another source of 
metals could be desorption from suspended particulate matter and, although they 
found little evidence of this in the more saline parts of the estuary, there does seem to 
be the possibility of desorption from bed sediments in brackish and freshwater areas, 
and areas where the concentration of metals in the sediment porewater is greater than 
that in the water column.
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A study by Comber et al (1995) found that in the Mersey at the freshwater/saline 
interface and in lower salinity areas Cd, Cr, Cu and Zn are removed from sediments. 
They found a decrease in dissolved Zn compared to a previous study which 
suggesting that programme of reduced sewage inputs was having a positive effect on 
lowering the levels of metal pollution in the estuary.
Langston (1986) found that sediment from the Mersey was at least moderately 
contaminated with all metals investigated and in some cases (mainly at upstream 
sites) high levels of contamination (Cd, Mn Ni) were found, Hg was consistently 
foimd at high concentrations throughout the estuary and correlated well with 
sedimentary organic matter concentration. A number of mid estuarine peaks for Sn, 
Cr, Cu and Ni suggested specific point sources for these metals. During the period of 
the study (4 year's) Pb and Hg contamination in biota and Hg in sediment decreased 
by half, indicating that clean up procedures for these metals were beginning to take 
effect.
Turner (2000) investigated the link between Fe and Mn oxyhydroxides and pollutant 
metals in a number of UK estuaries including the Mersey. These Fe/Mn oxides are 
particularly important because metals attached to these oxides are potentially 
bioavailable to bunowing organisms when ingested or are released to porewater 
during early diagenesis. It was concluded that Fe is the most important oxide for 
metal binding and that metal association with Mn is not just controlled by Mn 
concentrations. The strong tidal currents in the Mersey appear’ to provide a buffer to 
localised pollution sources (human and diagenetic) by dispersing the fine grained 
sediment (which metals preferentially bind to) over a wide area. Strong correlations 
were found between Zn and Pb, probably because these are fairly common industrial 
pollutant metals. Turner (2000) suggested that estuar ies trap Zn more efficiently than 
Pb due to differences in affinity for particle sizes, diagenesis and possible 
environmental sources and transport pathways. The Mersey seems to have significant 
Cr contamination but only moderately raised Cu levels, probably due to variations in 
sources and differences in geochemical behaviour*. Cu preferentially associates with 
organic matter rather than Fe/Mn oxides. Correlations between Fe/Mn and 
contaminant metals suggest that those metals tend to sorb to or coprecipitate out with
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the Fe/Mn oxides, whilst correlations between contaminant metals themselves 
suggests a common source or dispersal pattern.
Laboratory experiments studying the behaviour of Cu, Zn, Fe and Mn in sediments 
from the Mersey showed that with temperature increases the amount of Cu, Mn and 
Zn in the dissolved phase increased but salinity variations had little effect. pH and 
Oxygen valuations appeared to have little effect on Cu and Zn. However, Fe and Mn 
release on oxidation is suppressed by increasing pH. Low oxygen resulted in slow 
but significant releases of Fe. Overall, it was concluded that due to the scavenging by 
resuspended sediment of metals from the water column, the resuspension and 
oxidation of anoxic sediments would not be a major contributing factor to metal 
pollution (Hirst and Aston, 1983)
Hartnett and Berry (2010) found that concentrations of Pb in the sediments decreased 
from Howley Weir towards the Irish Sea and this seemed to be related to an increase 
in salinity. This finding supported work done by Charlesworth et aL (2006) and 
suggests a link with freshwater input to the estuary. However, there is also some Pb 
input from atmospheric sources (Charlesworth et aL, 2006).
Vane et ah (2009) found Hg levels in Mersey sediment varied depending on the 
sampling location with the highest concentrations being found in the Hale and Ince 
Banks part of the estuary, partially due to the relatively higher concentrations of fine 
grained muds in these areas (Hale is close to Oglet Bay). The amount of coarse 
grained material increased towards the outer estuary but decreases in Hg could also 
be related to dilution by less contaminated material from the Irish Sea and increasing 
distance from the major discharge points (Manchester Ship Canal). Hg 
concentrations were also found to be higher in sediment collected from the edge of 
the estuary, rather than from the middle and all correlated well with LOI (Loss on 
Ignition), The concentrations of Hg recorded at the Weaver Sluice and Eastham 
docks were lower than previous studies conducted in that region (Langston, 1986) 
and indicated a decline in the Hg discharges to the Mersey in recent years (Vane et 
aL, 2009).
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Mercury in the Mersey correlates well with the silt grain size fraction and has 
shown an overall decrease since 1974. Although between 1987 and 1992 there was 
an increase in concentration, possibly due to remobilised Hg entering the 
environment from eroding saltmarshes at Ince and Stanlow (Haiiand et al., 2000).
Bartlett and Graig (1981) showed higher levels of Hg contamination in shoreline 
sites than in sites out in the estuary and a correlation between organic carbon and 
total Hg concentration and Hg and the silt sediment fraction (probably due to Hg 
binding to sulphur in the organic matter and ion exchange sites on the silt). They also 
found that the redox potential and bacteria activity of the sediment were important in 
methyl mercury contamination levels - in more aerobic sediments sulphide 
concentrations are higher and so are methyl mercury concentrations. Rae and Aston 
(1981) made similar findings for Hg, organic matter and grain size correlations, as 
did Airey and Jones (1982).
Martino et al (2004) found high levels of Ni in river water from the Mersey as 
compared to other rivers in less industrialised areas, with concentrations being lower 
near the Liverpool Bay end of the estuary. They showed that at the Howley Weir end 
of the estuary the concentration of Ni in the water was inversely related to flow, 
suggesting that higher flow dilutes the Ni concentration. They also showed that there 
was reduced lability of Ni in summer, possibly due to increased residence time 
allowing the formation of more stable complexes or due to different sources of Ni in 
summer. They suggest that at present the major source of Ni in the estuary is no 
longer from pollutant input, but from resuspension and redistribution of historically 
contaminated sediments.
Campbell et al (1988) suggested that Ni contamination was primarily related to 
industrial discharge, whilst Zn is influenced by sewage input and by remobilisation 
of Zn from disturbed sediments.
High background levels of Al in Mersey sediment could be due to the presence of Al 
containing feldspar (Hariand et al, 2000).
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Levels of PCBs and DDT (Dichlorodiphenyltiichloroethane) contamination in the 
Mersey have been decreasing over the last 50 years (Fox et ah, 2001). Using 
sediment cores taken from stable saltmarshes in the region they showed the start date 
of DDT pollution matched well between sample sites, as did the peak concentrations 
found in the cores. They found PCB contamination in Mersey sediments started 
around 1940 and peaked in the 1970s, after which concentrations in sediment started 
to decrease. Although levels were still high, probably due to the persistence of PCBs 
and their continued release to the environment, e.g. from old electrical equipment. 
HCH distribution was found to vary considerably between cores and only low levels 
of dieldrin were found. HCB exhibited a complex profile in the sediments probably 
due to its wide variety of sources including pesticides and as a by-product of 
manufacturing processes. In this study there did not seem to be any relationship 
between particle size or organic matter and the pollutants (Fox et aL, 2001).
A study by Fox et al (1999) used pollution (DDT and heavy metals) as a partial 
method of dating sediments (along with radionuclides). They found different 
historical contamination profiles in the different samples sites. Particle size 
distribution was fairly consistent down core, so variations in pollutant metals could 
be concluded to be due to input rather than particle size influences. The core from 
Widnes Warth showed 4 benchmark years (1. onset of industrialisation in the 19th 
century; 2. stall of DDT production in Trafford Park Manchester in the 1940s; 3. 
radionuclide events correlated with Sellafield discharges; 4. the onset of Hg cleanup 
in the mid 1970s). The Ince core only showed evidence of the last 3 events, as it was 
not deep enough to record the first due to differences in sedimentation rates. The 
Widnes core indicated that heavy metal contamination was greatest in the Mersey 
between 1930s and 1970s.
Levels of PAH concentration in Mersey sediments were investigated by Vane et al. 
(2007) and they found higher concentrations associated with muddy sediments than 
with sandy sediments (including a site at Oglet Bay which had the highest 
concentrations found — 3766p.g/kg). This was partially explained using a correlation 
with sediment organic matter content (TOC — Total Organic Carbon). PAHs were 
primarily from high temperature combustion processes, but variation in ratios 
indicated a range of sources for these compounds, reflecting the wide variety of
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industry in the area. This study did not show a significant correlation between PCBs 
and TOC possibly because of a masking effect caused by localised inputs and 
geochemical processes. There was however, a suggested grain size control on the 
PCB sediment concentration with higher levels found in finer grained sediments, but 
no obvious relationship between sample site location within the estuary and PCB 
concentrations was found. Mean PCB concentration appeared to be higher for the 
Mersey than for other estuaries in the UK (e.g. Thames, Clyde and Humber), but 
lower than other industrialised estuaries in Europe (e.g. Seine and Rhine). Congener 
distribution indicated a wide variety of sources for the PCBs and overall 
concentrations increased with core depth. The study also showed that sediments in 
the estuary have approximately 30 times higher PCB concentrations that those in 
Liverpool Bay.
Rogers (2002) found concentrations of total PAHs of around llpg/g horn sediment 
taken at Oglet bay on the Mersey. Other locations had considerably lower 
concentrations and PAHs showed weak positive correlations with organic mattei. 
They showed that areas near major roads (and in the case of the Mersey, chemical 
plants) had higher levels of PAHs.
Davies and Wolff (1990) found high levels of hydrocarbon contamination in 
sediments from the Mersey estuary and these high levels made identifying individual 
contamination events (like the crude oil spill of Oct 19th, 1989) difficult. Law (1981) 
found higher concentrations of total hydrocarbons in finer grained sediment from 
industrialised estuaries (include the Mersey) than in coarse grained sediment from 
less industrialised areas.
A number of studies have shown that the Mersey is a significant source of pollutants 
including (Ni, Cu, Zn) to the Irish Sea (Norton et al., 1984; Laslett, 1995, Achterbreg 
etaL, 1996).
A study in 1992 by Camacho-Ibar of Liverpool Bay sediment found Hg to be 
associated with clays in finer grained sediment but with organic matter in coarser 
material. Arsenic was associated with Fe/Mn oxyhydroxides. The main source of As 
seemed to be natural, with a little from sewage sludge disposal, whereas for Hg the
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main input was from anthropogenic sources via the river Mersey and some from 
sewage sludge and dredging.
Camacho-Ibar (1996) found high levels of PCBs particularly associated with the 
finer grain size fraction (mud) and organic carbon in Liverpool Bay sediments. 
Organic matter acted as an adsoiption site for hydrophobic organic pollutants. It 
appealed that organic carbon concentration was related to grain size, although due to 
the large amounts of coarser particles present in Liverpool Bay, these are also an 
important contributor to the organic carbon and PCB content of the bay. PCB 
concentrations were lower in the Mersey than some other industrialised estuaries 
(Hudson and Acushnet), but of similar levels to those found in other open coastal 
bays (e.g. Humber). PCBs in Liverpool Bay sediments are probably primarily from 
river input, with some being deposited along with dredged material and some from 
sewage sludge. Preston and Raymundo (1993) showed a similar relationship between 
organic carbon, grain size, lipid fraction and linear alkyl benzenes in Mersey estuary 
sediments.
In a number of papers using Environmental Magnetism and XRF (X-ray Refraction) 
to look at pollution in lakes in the Merseyside and Cheshire area, Worsley and Power 
(2009) illustrated a number of different phases of pollution in the region, from the 
onset of the industrialisation in the 19th century, to its intensification in the 20th 
century and a gradual decline in pollution with the introduction of the Clean Air Act 
in the 1950s. These papers also discussed the possibility of using sediment cores as a 
method of contributing towards the understanding of pollution related health 
problems in the region (e.g. ARM - Anhysteric Remanent Magnetisation - as a proxy 
measurement of ultrafine particulates in the atmosphere) (Power et aL, 2005; 
Worsley et aL, 2005, 2006; Worsley and Power, 2009;).
1.6 Possible Health Effects of Pollutants
Previous work has established a link between levels of pollutant input to the 
environment and the health of the population in surrounding areas (Hellstrom, 2001; 
Staples et ah, 2003).
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1.6.1 Organic Pollutants
Due to the significant levels of pollution that humans are exposed to on a daily basis, 
it can be very difficult to pinpoint the individual effects of particular contaminants or 
a particular source of contaminants (Lang, 1995; Howard, 1997). This is even more 
difficult if exposure is to bioaccumulative substances at very low levels (Kortenkamp 
et aL, 2007). It may take several years for the cumulative effects of exposure to show 
up and, due to the mobility of human populations, it may not be possible to identify 
many cases of exposure as people move away to other locations.
Much of the research into the effects of organic pollutants on humans has been done 
at the acute level, e.g. the Japanese rice oil disaster (1968) where PCBs from a heat 
exchanger at a rice mill severely contaminated rice. Symptoms in the population 
included dizziness, coughing, abdominal pain, headaches, tiredness, nausea, 
disturbed vision, discharge from the eyes, damage to the central nervous system, 
mucous membranes and, in the worst cases, the skin condition chloracne (Masuda, 
1985; Bernes, 1998). Many of those affected suffered from long term health 
problems. Levels in tissue reduced gradually. However, many of the effects in this 
case can be attributed not to the PCBs but to the fact that the PCBs were, themselves, 
contaminated with polychlorinated dibenzofurans. The most surprising result from 
this incident was that there were no acute deaths caused, although the fact that the 
contaminants have a half-life in tissue of around 5 years meant that long-term 
exposure problems were considerable and included people exhibiting symptoms 10 
years after the spill and a number of deaths from cancers (Masuda, 1985). This 
supports the need for monitoring of pollutant sources that could have long term, 
cumulative impacts, leading to chronic human health problems; as, in the long term, 
these could cost more to the health services than acute cases resulting in death 
(Rogan, 1992; Rice, 1997).
There are statistically significant, higher incidences of cancer amongst groups 
exposed to dietaiy sources of organic pollutants (Bernes, 1998). Fishermen in 
Sweden eating contaminated fish have been shown to have higher levels of stomach 
cancer and squamous cell carcinoma than those eating uncontaminated food 
(Svensson et aL, 1995). One problem is that it can take up to 20 years for the cancer
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to develop and exposure to other pollutants can mask results in some cases and 
amplify them in others (Borgert, 2004).
It has long been known that PAHs and PCBs can cause cancer, e.g. respiratory 
exposure can lead to lung cancer and it is likely that other cancer types can be linked 
to dietary exposure via contaminated food sources. Reproductive problems are also 
associated with organic pollutants. For example, after the Japanese rice oil incident 
levels of miscarriage increased and the number of boys bom in the following years 
were abnormally low. Those that were born had a higher than average chance of 
having abnormally developed sexual organs and, later on in life, a low sperm count 
(Bernes, 1998).
Eight PAHs have been classified as highly carcinogenic and mutagenic (chrysene, 
benzo[a]anthracene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene 
(BaP), indeno[l ,2,3-cd]pyrene and dibenz[a,h]anthracene (Menzie et al., 2004). BaP 
has been shown to be one of the most toxic of the PAHs (Kuo et al., 1998). Not all 
PAHs have the same mode of action, therefore different ones may have different 
health effects. Much of the data on the human health impacts of PAHs have been 
inferred from data generated from mixtures of PAHs rather than exposure to 
individual PAHs. However, in assessing potential disease incidence caused by 
environmental exposure to PAHs, this is not really a problem as most human 
exposure will be to a mix of these chemicals anyway.
Gupta et al. (1993) showed workers in a rubber factory exposed to BaP had 
statistically significantly reduced lung function in relation to their length of 
employment and showed symptoms such as breathing problems, chest pains, bloody 
vomit and throat irritation. Higher levels of lung cancer have been observed in 
women in China using smokey coal in unventilated homes, as compared to those 
using natural gas and wood (Mumford et al., 1993). A number of studies have shown 
lung cancer effects linked with exposure to mixtures of PAHs: including roofing-tar 
emissions (Hammond et al, 1976) and coking ovens (Lloyd, 1971; Mazumdar et al., 
1975; Redmond et al, 1976). Several authors have reported increases in skin 
tumours amongst mice exposed to PAHs including benzo [a] anthracene (Bingham 
and Falk, 1969). benzo[b]fluoranthene (Habs et al., 1980), benzo[a]pyrene
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(Warshawsky et al, 1993), chiysene (Warshawsky et aL, 1993) and 
dibenz[a,h]anthracene (Platt et al.9 1990).
A number of studies have shown have shown that P AHs can also act as initiators of 
cancers by pre-conditioning cells to react to other stimuli, Cavalieri et al. (1988), 
with benzo[a]pyrene, Levin et al (1984) with benzo [a]anthracene, Amin et al. 
(1985) with benzo[b]fluoranthene, LaVoie et al (1982) with benzo[k]fluoranthene, 
Slaga et al (1980) with chiysene and dibenz[a,h]anthracene and Rice et al (1985) 
with indeno [1,2,3 -c,d]pyrene.
There are considerable concerns about the effects of persistent pollutants on the 
central nervous system and intellectual development. Unfortunately, effects can be 
weak and very difficult to measure in individuals and are often only apparent in 
population studies. Effects on the developing foetus can be the most serious, as this 
is the most sensitive stage of development and exposure to a particular pollutant at a 
particular stage of development can be catastrophic to either physical or mental 
development or both (Damstra, 2002; Perera, 2002; Ostrea, 2002; Lee, 2003). Again, 
many of the data for this have been gathered from acute exposure incidents (Japanese 
rice oil disaster) where it has been shown that children born to exposed mothers had 
a lower birth weight and slower growth than non-exposed children and are prone to 
more behavioural problems such as apathy. They also seem to exhibit a lower than 
average intelligence and poor memory skills. Similar problems have been seen in 
groups where the parents have been exposed to lower doses than in Japan. Children 
of anglers who regularly ate fish from Lake Michigan exhibited lower birth weight 
and reduced reflex development along with lower IQ and impaired reading skills 
which were still apparent at the age of 4 (Jacobson, 1996a; Jacobson, 1996b; Bernes, 
1998; Darvil, 2000; Rylander et al, 2000).
PCBs and PAHs can take a long time to accumulate in the body, so it is vital to 
consider chronic exposure levels when trying to establish the risk to any group, 
particularly foetuses and newborn children who can get a very high dose via the 
placenta and breast milk respectively (Koppe et al, 2000; Koppe and De Boer, 2001; 
ten Tusscher et al, 2003). Studies in the Netherlands have shown a relationship 
between ‘normal’ exposure to PCBs and dioxins via breast milk contamination and a
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reduction in birth weights, immune responses, thyroxine levels and neurological 
maturity in newborn babies — in this study no long-term reduction in learning ability 
was found. It should be noted that not all effects will occur in every case and that in 
many incidents it may be a combination of pollutants that are responsible, e.g. high 
levels of PCBs are often associated with high levels of other contaminants, such as 
dioxins (Eskenazi et al, 2000; Koppe et al, 2000; Koppe and De Boer, 2001; 
Rylander et al, 2002; ten Tusscher et al, 2003).
1.6.2 Metals
Many metals are known to be toxic, causing oxidative stress and inflammation (e.g. 
Ni), and it is thought, that when present in an ultrafme state, the greater surface area 
might lead to a greater toxicity (Maynard, 1999). This would mean that sediment 
contaminated with heavy metals could have the potential to aggravate or induce 
health problems amongst those regularly exposed, if these pollutants can be shown to 
be remobilised into die atmosphere, hydrosphere or food chain.
Aluminium is the third most ubiquitous element on the planet and is found in air, soil 
and water. Inhalation exposure tends to occur in the workplace (non-workplace 
inhalation exposure in minimal) and even those exposed to high levels (e.g. 
10mg/m3), e.g. welders, exhibit no obvious signs of toxicity (De Voto and Yorkel, 
1994). Ingestion is the most common route of exposure, as Al adheres to many 
processed foods and is present in many medications, e.g. Al containing antacids. 
Ganrot (1986) estimated that man ingests approximately 30-50 mg a day, of which 
around 1% is absorbed (taking Al buffered medication can enhance this several 
times, as can the form of Al ingested). The presence of citmte also increases 
absorption. Aluminium has been shown to affect learning, memory and motor control 
in cats and rabbits, with severe conditions resulting in eventual death of the subject. 
It also adversely affects neural pathways leading to degenerative neurological 
conditions such as Dialysis Dementia (caused by the high levels present in the fluid 
used for kidney dialysis) (Plats, 1981; Klaassen, 1999).
Arsenic is used in the production of glass and ceramics, for bronzing, in the 
production of insecticides, herbicides and in wood preservation. Inhalation can lead 
to respiratory tract illnesses such as bronchitis and laryngitis (Ishinishi et al, 1977;
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Landrigan, 1981; Nemery, 1990) and in high concentrations can damage the 
digestive tract, heart and circulation. Studies suggest that arsenic is associated with 
skin cancer (Klaassen, 1999) and other internal cancers such as liver, lung, bladder 
and kidney (Bates et at, 1992; Chen et al., 1992, Chiou et al, 1995). Chronic 
exposure can lead to a reduction in nerve conductivity velocity (Lagerkvist and 
Zetterland, 1994) and hepatic injury (Lander et al, 1975) along with vascular- 
problems and changes in skin pigmentation.
In humans cadmium is carcinogenic, mutagenic and teratogenic (Friberg et al, 
1986b; Fischer, 1987; Kazantzis, 1987; Heinrich, 1988). It has a relatively long 
biological half-life (10-15 years), so chronic low-level exposure can cause long-term 
health problems (Jarup et al, 2000). It can cause kidney damage (Friberg et al, 
1986a), pulmonary disease, renal inflammation and fibrosis, and hypertension, as 
well as various skeletal conditions such as osteoporosis (Klaassen, 1999).
Chromium, although an essential element, can be toxic at higher levels; as found in 
industrial exposure, causing hepatic peroxidative damage. Very large amoimts can 
cause ulcers, liver, and kidney damage. Some chromium compounds cause tumours 
in the respiratory and nasal tract (Klein, 1996; Klaassen, 1999). It is widely used in a 
variety of industrial processes (e.g. aluminium cookware manufacture, leather 
tanning and as a wood treatment agent).
Copper has the potential to cause metabolic disorders, Indian childhood cirrhosis 
and chronic cholestatic conditions. Symptoms of copper poisoning are headaches, 
hypoglycemia, increased heart rate, nausea, copper deposits in the brain and liver 
causing damage to the kidneys. In children it is associated with hyperactive 
behaviom*, learning disorders such as dyslexia, attention deficit disorder and 
infections. Symptoms of copper toxicity include autism-type symptoms, depression, 
hallucinations, hyperactivity, insomnia, disperception of the senses, time, body, self 
and others, paranoia, personality changes, psychosis and schizophrenic type 
symptoms (Klaassen, 1999).
Iron in very high doses can lead to liver function problems, diabetes mellitus, 
endocrine disruption and cardiovascular effects (Klaassen, 1999).
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Lead can cause neurological disorders in humans, particularly in children and the 
foetus, where it is thought that there are no safe levels of exposure. These can lead to 
behavioural disorders and intelligence impairment (Lansdown, 1986; Needleman, 
1987; Needleman et al, 1996), as well as decreased auditory sensitivity in children 
and decreased visuomotor performance in preschool children. It can also cause 
haematologic conditions such as anaemia, renal conditions, elevated blood pressure 
and reproductive disorders and is carcinogenic (Finkelstein et al, 1998; Klaassen, 
1999).
Manganese maybe neurotoxic at high levels, affecting the brain’s dopamine system 
but the mechanisms are not well understood (Tran et al, 2003). It can also cause 
respiratory conditions, damage to the central nervous system and behavioural 
problems (Klaassen, 1999).
The toxic properties of mercury have been known of since the time of the Roman 
Empire. It is an important industrial chemical used in a variety of processes, 
including the manufacture of chlorine gas, as a fungicide and in dental filings. 
Exposure can lead to CNS damage, lung damage and renal disease (Vroom and 
Greer, 1972; Jaffe et al., 1983; Rowens et al, 1991; Bluhm et al, 1992a,b; Boogaard, 
1996). The form that is most problematic in the environment is methylmercury. It 
can be created in the environment from elemental Hg by bacteria and is highly toxic 
and biomagnified in the food chain, although exposure to UV can detoxify it (Ullrich 
etal., 2001).
Nickel exposure is one of the most common reasons for skin complaints (contact 
dennatitis) in humans (WHO, 1991). Nickel is carcinogenic and veiy high levels can 
affect heart, kidneys and lungs (Klaassen, 1999).Zinc poisoning can lead to gastro­
intestinal problems and lung disease (Samman and Roberts, 1987; Klaassen, 1999).
1.6.3 Mixtures of Chemicals
As can be seen from the above text, many of the metals and organic compounds we 
are exposed to on a regular basis cause the same disease effects. This can mean that, 
when investigating population environmental exposure, it is incredibly difficult to
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confirm whether or not an individual chemical is responsible for disease incidence or 
whether (as is more likely with low dose chronic exposure) it is a mix of chemicals. 
In recent years the relevance of ‘cocktails9 of chemical has become a focus for many 
investigating environmental chemical exposure and its effects on human health 
(Simmons, 1995; Kortenkamp, 1999; Walter et al„ 2002; Borgert, 2004; De Rosa et 
al, 2004; Kortenkamp, 2007). Chemicals can act together in a variety of ways, many 
have similar modes of action, targeting the same molecular pathways in the body 
(e.g. polychlorinated dioxins and furans) (van den Berg et al., 1998). Other 
substances have dissimilar modes of action targeting different molecular pathways 
within the body (Kortenkamp et al, 2007). There are five main ways that a mixture 
of chemicals can behave within the body.
1. Synergism: A mix of chemicals will produce a larger effect together than 
each would do separately and, therefore, lower concentrations of each 
chemical are required to have a toxic effect (Borgert, 2004).
2. Antagonism: A mix of substances will have less of an effect than each of the 
individual chemicals on their own (Borgert, 2004). If this is the case, then 
higher concentrations of each chemical are required to have any effect. It is 
possible that in a complex mixture the actions of those behaving 
synergistically and antagonistically will cancel each other out.
3. Potentiation: This occurs when exposure to one chemical enhances the effect 
of another chemical. The effect will be similar to that of synergistic 
chemicals, but the mode of action (molecular pathways) may be different.
4. Additivity: The combined effects of a number of chemicals are the sum of 
those of the individual chemicals (Kortenkamp, 2007)
5. No effect
Most of the toxicological testing that takes place is done either on single chemicals 
or specific mixtures that are related to specific discharges, e.g. a factory discharging 
a known combination of chemicals. Due to the complexity of mixtures that are 
present in the environment it is impossible to test all of the potential interactions that 
occur on a regular basis and predict how these will influence human health (Borgert, 
2004).
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1.6.4 Particulate Matter and Disease
In recent years it has been discovered that reduction of particle size can lead to 
materials which had been thought to be chemically inert becoming highly reactive 
and therefore, potentially damaging to human health (Maynard, 1999). Research 
conducted by Dockery et al (1993) and Seaton et al (1995) suggests a link 
between exposure to PMio particles and cardiovascular disease, as do Jefferson and 
Tilley with their work on transition metals (Maynard, 1999). Studies into titamum 
dioxide and carbon black have shown that both become more toxic when present as 
ultrafme (<100nm) particles. Recent studies have shown that 60% of 20nm particles 
inhaled are deposited and remain in the gas exchange zone of the lungs (Maynard, 
1999).
A large percentage of the smaller particulates found in the atmosphere come from 
industrial processes, incineration of waste and vehicular' emissions, and many of 
these processes involve the production and emission of heavy metals and organic 
pollutants (e.g. PCBs) (Buonnano et al, 2009). It is well known that metal and 
organic pollutant concentrations in sediments increases with decreasing particle size 
(Murray, 1999) which could mean that the health problems associated with heavy 
metals are likely to be amplified by those associated with decreasing particle size.
1.7 Chapter Summary
Previous studies on the Mersey Estuary and surrounding area have shown that there 
are elevated concentrations of a number of pollutants in the sediment and water. 
Many of these substances have the potential to cause significant health impacts to 
populations exposed to them It is important therefore to investigate the 
concentrations of potentially toxic substances in the environment in order to assess 
whether or not there are risks to the local populations.
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CHAPTER 2
METALS AND ORGANIC POLLUTANTS IN ESTUARIES AND
LAKES
The following chapter examines the behaviour of metals and organic pollutants in 
estuaries and lakes. It first considers how wetland processes, physical (e.g. wave 
action, bioturbation etc), chemical (e.g. diagenetic remobilisation) and temperatoe 
and salinity, influence the behaviour of the sediments and their contents. The second 
section investigates the differences in behaviour of metals in estuaries and lakes, and 
the final section discusses Persistent Organic Pollutants in the environment.
2.1 Wetland Processes and Their Influence on Pollutants
Saltmarshes and wetlands, as well as being very important habits, are also important 
sources of nutrients and natural coastal defences (Allen, 2000). They are relatively 
flat areas of land, subject to periodic flooding and are often poorly drained. 
Development is a result of sediment deposition gradually increasing their elevation 
and the time that they are exposed to the atmosphere. This allows vegetation to 
develop, usually halophytic plants of varying kinds, e.g. Spartina spp. These, in turn, 
trap more sediment and increase the rate of development of the saltmarsh. 
Saltmarshes usually have an area of mud flats between them and the main water 
body, which supplies sediment and acts as a means of wave dissipation. The higher 
up on the marsh the location is, the less it is subjected to tidal inundation. 
Saltmarshes with good vegetation cover are more stable and less prone to post- 
depositional changes affecting pollutants within the sediments and, therefore, provide 
an excellent record of historical pollution in the area (Plater et aL, 1998, Fox et al, 
2001). Many of these pollutants preferentially adsorb to the fine sediments which are 
particularly prevalent in saltmarsh sediments (Olsen et al, 1982).
Many studies have shown that sediments preserve records of histoiical pollutant 
input to an area (Beuskens et al, 1993; Huntley et al, 1995; Fox et al, 2001), which 
can come from a variety of sources, both natural and anthropogenic. Saltmarsh, mud 
flat and lake sediments are sinks for heavy metals and other pollutants such as PCBs 
(Polychlorinated biphenyls) and PAHs (Polycyclic Aromatic Hydrocarbons)
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(Forstner and Salomons, 1980; Orson et al., 1992; Valette-Silver, 1993). This is 
particularly important as many wetlands are near to areas of heavy industrialisation 
and hence are likely to receive discharges of pollutants associated with these 
industries (Cacador et al, 1996).
2.1.1 Physical Processes
Physical disturbances, e.g. bioturbation and wave action, can reoxidise anoxic 
sediment (O’Reilly Wiese et al, 1995). Plants can influence the depth to which 
oxygen penetrates as their leaves transport oxygen from the atmosphere to the roots. 
This can induce a localised oxygen environment around the root systems and can 
lead to localised heavy metal emichment around roots (Vale et al, 1990) and affect 
the availability of metals ions (Williams et al, 1994).
As well as direct anthropogenic inputs to the aquatic system, pollution levels can be 
affected by a variety of other factors. Dredging a channel can remove huge amounts 
of sediment and, therefore, any associated pollutants (Gil et ah, 2010). Some of these 
will be released back into the environment and some will remain associated with the 
sediment. Those that remain in the sediment will be redeposited (with the potential to 
be remobilised) at the location where the dredged material is dumped. Any 
construction work that disturbs the sediment, for example, a harbour development, 
can release pollutants back in to the water column. These will then often settle out 
elsewhere in the estuary causing a spike in recorded levels. Natural processes such as 
sea-level rise and stonn events can also lead to sediment erosion and redistribution 
(Williams et al, 1994).
There is a constant input of natural trace metals from the geochemical weathering of 
rock which can account for the low background metal content in sediments. Various 
elements come from seawater (Na, K, Mg, Ca as well as chloride, sulphate, 
bicarbonate and carbonate ions) (Williams et al, 1994). Major nutrients (nitrogen, 
phosphoms and carbon) come via riverine input (Bourg, 1988), as do Si, Al and 
transition metals. Inputs can vary with season, with mineralogical inputs dominating 
in winter and organic inputs dominating in summer due to higher productivity. 
However, a percentage of trace metals in estuarine sediment come from
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anthropogenic sources, e.g. mining or dumping of industrial waste. This input can be 
direct (dumping) or indirect, e.g. from river runoff or atmospheric sources (Rae et 
al, 1997).
Many pollutants (both organic - e.g. PCBs, and inorganic - e.g. heavy metals) are 
preferentially found in fine sediment deposits and their presence in the sedimentary 
record is therefore controlled by sedimentary processes (Olsen et al, 1982). Particle 
size distribution is related to sediment input to the estuary and a combination of tidal 
and wave-induced flows, If there are higher pollutant levels associated with finer 
sediments (Taylor, 1986), then processes that lead to higher or lower than normal 
input or removal of fine sediments will affect levels within the sediment. For 
example, during exceptionally wet weather larger volumes of water will pass through 
the system and less deposition may occur during that time. This is due to the fact that 
as the flow velocity decreases, progressively finer sediments settle from suspension. 
Hence, when the fine grain sizes are kept in suspension by higher flows, the recorded 
pollution levels will appear to decrease. This will lead to a drop in recorded 
pollution levels within the sediment for that period. The opposite is also true; in 
periods of very low flow there may be a spike in pollution within the sediment as 
more fine particles can settle out. Tidal deposits often show variations in grain size 
linked to tidal height and velocity (Le. spring and neap tides) (Stupples and Plater, 
2007). Sediment particles in the upper marsh sediments are usually fine grained and 
rich in organic matter due to the effect of estuary infilling and the development of 
vegetation cover which often means they exhibit high levels of pollutants (Williams 
etal., 1994).
2.1.2 Chemical Processes
Metals can enter an area in both dissolved and particulate forms and may eventually 
settle out to become incorporated into the sediment (Cacador et al, 1996). Sediment 
deposited pollutants can be reintroduced to the environment by resuspension and 
mixing of the sediment. Remobilisation of pollutants from other areas within an 
estuary can lead to erroneous contaminant levels being recorded in a different area, 
as they settle out. This may suggest higher levels of pollutant input than actually 
occur (Valette-Silver, 1993). Once deposited, diagenetic processes control the 
behaviour of the metals, e.g. pH, redox conditions, organic matter content and
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sediment composition, (Zwolsmann et al, 1993). Diagenesis can remobilise 
pollutants, e.g. trace metals, particularly Mn and Fe. In the anoxic parts of the 
sediment they can become soluble, which allows them to move and be redeposited in 
the upper oxic parts. This can lead to a seeming increase in contaminants in the 
surface layer which could be misinterpreted as an increase in pollution input when, in 
fact, it is due to redistribution of contaminants already in the sediment (Valette- 
Silver, 1993).
Metal concentrations are influenced by anthropogenic inputs, parent material, 
organic matter particle size and diagenesis. Manganese depletion in the top few cm 
of the sediment is common and thought to be due to liberation of Mn2+ oxides due to 
reduction of Mn oxides (Nixon, 1980). Metals such as Se, As, Hg, Pb, and Sn can be 
lost from the sediment due to volatilisation cause by alkylation (Weber et al., 1991; 
Williams et al, 1994). During degradation by bacteria metal sulphides are converted 
to sulphates which are more reactive. However this process also releases sulphuric 
acid which lowers the pH of the sediment and may prevent the precipitation and the 
availability of the metals (Giblin and Howarth, 1984). Metals released by sulphate 
reduction are generally as metal sulphides which are of low solubility and as long as 
they remain that way, are limited in their availability for biological or chemical 
uptake (Williams et al, 1994).
Decomposition of organic matter is greater near the surface of the sediment as there 
is higher exchange of oxygen with the atmosphere. Deeper in the sediment anoxic 
conditions occur which allow anaerobic bacterial degradation to occur (Williams et 
al, 1994). The presence of organic matter can increase the uptake of metals to the 
sediment by metal-organic complex formation. These can be very strong and actually 
limit the bioavailability of the metals within the sediments as long as the physico­
chemical conditions remain constant (Orson, 1992).
2.1.3 Temperature and Salinity Effects
Temperature (and hence season) affects the microbial activity within the sediment, 
with lower temperatures leading to less bacterial activity. This limits sulphate 
reduction and allows oxygen penetration. Higher temperatures increase microbial 
activity which allows the reduction of Fe/Mn oxyhydroxides and the release of
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sorbded metals (Hines el al, 1984). Submergence of the marsh by the tide will affect 
metal mobility as an increase in salinity can increase the solubility of metals such as 
Cd and Zn (Palheiros et al, 1989) and will also affect oxygen levels. Salinity also 
influences adsorption and desorption reactions with organic matter, flocculation of 
colloidal particles and precipitation reactions within the sediment (Kemer and 
Willmann, 1992). For example, lower salinities favour the release of sediment Cr to 
the water column (Abu-Saba and Flegal, 1995; Comber el al, 1995). Temperature 
can also affect the water levels in shallow lakes which may dry-up in warm weather. 
This can lead to oxidation and geochemical remobilisation.
Coarse material is deposited in high-energy conditions and is generally less 
contaminated than finer material, hence the most polluted sediments are usually 
found in low energy ar eas (Forstner and Salomons, 1980).
Fine-grained sediments have high adsorption capability and therefore store a record 
of contamination inputs to a wetland area (Cauwet, 1987, Araujo et al, 1988). These 
have been used as a source of information regarding historical contamination inputs, 
both in freshwater and marine environments, since the late 1970s, alongside the 
discipline of 210Pb dating. Fox et al (1999) state that for a sample location to be 
representative of the pollution inputs to an area, the sedimentation rate must have 
been fairly consistent for a relatively long period of time.
2.2 Metals in Wetland Environments
There are three main sources of heavy metals to the environment and sediment; 
natural processes (geological weathering and biological decomposition), material 
brought in via the tide, land runoff, atmospheric fallout and biological productivity 
and, anthropogenic inputs from human activities such as mining, industrial ore 
processing, sewage, waste runoff and incineration (Valette-Silver, 1993; Deely and 
Ferguson, 1994). Metals can be present in the water column both in solution and 
associated with particulate matter such as suspended sediment. Within the sediment 
metals are present in a number of forms — mineral lattices (residual phase), 
associated with particle surfaces (controlled by grain size and surface area), oxides, 
sulphides, metal carbonates and organometallic compounds (Lopez-Sanchez, 1996;
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Rae, 1997). The form they occur in will affect their bioavailability and potential for 
remobilisation.
2.2.1 Metals in Estuaries
Spatial fluctuations in an estuary will depend on the number of point source emitters 
and the degree of mixing within the estuary (there should be less variation in a well 
mixed estuary). Temporal variations in both the pollution load and the sedimentary 
environment can be caused by increased water flow and seasonal production of 
organic matter which can be related to phytoplankton blooms and bacterial activity. 
Wright and Mason (1999) and Rae (1997) found that levels of metals vary with 
season. They are highest in material deposited in winter and lowest in that deposited 
in summer. Sediment profiles often reflect global pollutant inputs and are related to 
the nature of the sediment (grain size, organic carbon content, and mineralogy) and 
the diagenetic influences. Tidal and wave action sort the sediment and also influence 
the diagenetic processes (Rae, 1997).
A study by Buckley et al. (1995) of Halifax harbour (Nova Scotia) identified a 
variety of sources for pollution. These included sewage outfall and industrial waste 
(dominated by metals and organic carbon), leaching from landfill sites and 
shipbuilding activities (Zn, Pb, Ni, Cu and reducible forms of Cu), diagenesis (which 
accounted for Si and three forms of Mn) and surface drainage and river input 
processes (which brought in Li, Al, Mg, Fe and some forms of Mn bound with fine 
grained, organic rich sediments). The predominant factor controlling metal input in 
each case was related to the location of the sampling sites. The study showed that at 
each location there were often changes in the dominant process over time, usually 
associated with the influence of the environment and humans, for example, new 
sewage inputs, or regulation of discharges. The study was aided by high 
sedimentation rates and reducing conditions in the sediment which limited 
bioturbation at the sites chosen and hence limited disturbance of the sedimentary 
record. However, physical disturbance due to shipping propellers was a problem in 
some locations, as this disturbed the sediments and therefore the chronology of 
pollution.
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A study of the Mersey estuary by Martino et al (2002) found a positive relationship 
between dissolved Co and Ni which indicating a common source. The presence of 
Cd, Co, Cu, Ni and Pb associated with suspended particulate matter indicated 
resuspension of metals from the sediment. This could have been due to pH changes, 
fluctuation of redox conditions and bacterial or chemical degradation of particulate 
organic matter. They suggested that the contaminated sediment was an important 
source of metals to the water column and would be for some time to come (decades) 
due to the desorption processes slowly liberating metals from the sediment.
It is often very difficult to distinguish between natural background metal levels and 
pollution levels, due to the variability of the natural background levels. Natural 
variations can be due to particle size, mineral composition and post-depositional 
processes at any location (Beeftink et al., 1982). It is possible to use Average Shale 
Values (Turekian and Wedepohl, 1961) as a method of estimating natural 
background metal levels as these give a midrange ideal value. However, Average 
Shale Values do not take into consideration local factors such as grain size effects 
and may over-estimate certain metal levels (As, Cd, Cr, Cu, Hg, Ni, Zn). 
Consistently low downcore metal levels could indicate that the metals present are at 
background levels rather than due to pollution inputs. An obvious decline of metal 
levels with depth could indicate that the sampling has reached pre-industrial levels 
(O’Reilly Weise etaL, 1995, 1997).
Generally as sediment grain size decreases the metal concentration increases, as 
metals bind more easily to silt and clay particles (Thorne and Nickless, 1981; 
Cauwet, 1987; Araujo et al, 1988). O’Reilly Weise et al (1995) found that metal 
concentration increased as particle size decreased in sediments from two Essex 
estuaries. Work done by Taylor (1986) suggested a link between organic carbon and 
silt content and trace metal concentration within the sediment and seemed to show 
that distribution of metal contaminants within the Mersey estuary were related more 
to silt concentration than to the input sites.
Aluminium content generally will increase along with the percentage of silt and clay 
in the sediment. However, the presence of fecal pellets in sandy sediment will also 
keep its levels high (as fecal pellets often consist of aggregated sand and clay).
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Higher levels of A1 compared with K often indicate the clay mineralogy in the 
sediment, therefore fluctuations in A1 with depth can show a fluctuation in the 
amount of clay in the sediment (Velde et al, 2003). A relationship between A1 and 
Zn indicates that Zn may be related to clay content. The levels of Co, Cr, Cu, Ni, V 
and Zn can be controlled by the proportion of combined silt and clay in the sediment 
(Evans et at, 2003).
Metals in estuaries are generally present 3-5 orders of magnitude higher in the 
particulate form than in the dissolved form and therefore accumulate in the sediment 
(Balls, 1989; Coomber et al, 1995). These metals may eventually be re-released to 
the water column either by diagenesis (Petersen etal,\ 995) or as a result of physical 
disturbance (Boughriet et al, 1992).
Variations in sediment metal concentrations with depth could be due to variations in 
inputs (e.g. reduced pollution) or to the post-depositional migration of metals. High 
Mn in the surface layers could be due to formation of Mn oxyhydroxides in oxic 
conditions instead of anthropogenic pollution (O’Reilly Weise et al, 1995). A strong 
peak in Mn or Fe may indicate their mobilization in redox conditions (and any trace 
metals associated with them) (Cundy and Croudace, 1995). Low values of Mn in 
sediment samples could indicate low levels of oxygen in the sediment, as in anoxic 
conditions Mn is more likely to partition to the soluble phase (Gobeil et al, 1981). 
An increase could indicate an improvement in estuarine water quality and vice versa. 
This is also true of Fe but to a lesser extent as Fe requires lower oxygen levels than 
Mn to dissolute (O’Reilly Weise et al, 1997). An increase in Mn and Fe with depth 
could be due to their being trapped by authigenic carbon / sulphide formation (Cundy 
and Croudace, 1995). Higher Mn than Fe could indicate concentration in the 
estuarine environment; low Mn to Fe could indicate diagenetic loss through 
reduction (Velde et ah, 2003).
Calmano and Forstner (1983) have stated that Fe(III) and Mn(IV) hydrous oxides are 
the major hosts of trace metals in estuarine sediments. They are important sources for 
bioavailable metals as, when they are reduced during early diagenesis, they form 
soluble Mn(II) and Fe(II). When sulphate reduction occurs they may be reduced to 
monosulphides and pyrite. If oxidising conditions occur, for example, by disturbance
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of the sediment, then there is the potential for metals to be remobilised. Cr, Pb and 
Zn do not partition strongly into pyrite so have the potential to be remobilised back 
to the water column. Mn oxides are particularly important for Cd binding (Martino et 
al, 2002). Fe oxides decrease with increasing grain size (Lick, 1986).
Speciation of metals is a very important method of assessing the potential toxicity of 
those present, as their physicochemical form will determine their bioavailability and 
potential for remobilisation. Lam et ah (1997) found that for Cr the reducible metal 
phase (bound to Fe and Mn oxides) was the most important followed by the binding 
to organics and sulphide fraction. For Cu the organics and sulphide was the most 
important fraction in the more polluted harbour. In a less polluted estuary there was a 
higher proportion of Cu in the exchangeable and reducing fraction. The speciation of 
Ni was less clear-cut. However, there was a difference between sediments from 
cleaner areas and more polluted areas overall. Other factors that affect speciation are 
salinity, pH, dissolved oxygen, amount of dissolved organic matter, sediment 
composition and microbial activity. In the above study total sulphide content seemed 
to have a significant effect on the metal speciation. As it increased the reducible 
metals phase became the most important for Cr and Ni and as it decreased the 
exchangeable and carbonate phases became the most important for all 3 metals.
An increase in S can indicate bacterial reduction of sulphate. Sulphur often shows a 
peak just above the sulphate reducing zone (Rae, 1997). There may also be a trace 
element peak associated with the sulphur, due to precipitation of insoluble metal 
sulphides (McCaffrey and Thomson, 1980; Zwolsman et al, 1993). If these peaks 
are inconsistent then a stable redox zone is unlikely to have established. This could 
be due to frequent flooding of the site. If a correlation is found between Fe and S it 
can indicate the formation of Fe-sulphides. A concentration minima of Pb might 
coincide with sulphide increase and be due to mobilisation of Pb due to hydrous Fe 
and Mn oxide breakdown. Peaks that do not associate with other redox-sensitive 
elements often indicate anthropogenic input (Cundy and Croudace, 1995).
Sediment particles in the water column increase the rate of soluble iron precipitation 
which forms iron hydrous oxides on the particles. These are efficient scavengers of 
other trace elements, removing them from the sea water and allowing their deposition
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into the sediment. The amount removed will be greater in areas of small particles 
which have a relatively larger surface area (Aston and Chester, 1973). An increase in 
salinity also increases the rate iron is also removed from sea water (Boyle et al9 
1977).
Ni preferentially partitions to the dissolved phase irrespective of redox conditions. So 
values should remain relatively constant in sediments (obviously depending on 
relatively constant inputs), it can, however, rapidly desorb in low salinities (O’Reilly 
Weise et al, 1997).
Organic matter and humic acid, in particular, are known to take up appreciable 
quantities of trace metals. Binding to organic matter can be due to physical 
adsorption (which is a weak force allowing the metal to be replaced relatively easily) 
or to strong adsorption by the formation of chemical interactions between the metal 
and the organic matter, forming insoluble compounds with a low mobility. It is 
possible that metals lost from organic matter may be lost from the sediment record 
which would affect the accuracy of the sediment in reflecting historical pollution 
inputs (Rae and Allen, 1993). Cacador et al (1996) found material topped between 
plant roots on the saltmarsh contained less mobile forms of Zn, Pb and Cu. 
Eventually, it is thought that these metals may adsorb to clay particles and become 
less mobile. However should they desorb with depth they will become more mobile 
(Cacador et al, 1996).
Total organic matter concentrations should decrease with depth as bacterial action 
degrades the organic matter. High levels of organic carbon/matter could be due to 
terrigenous input (Jones and Turki, 1997) or due to the fact that as estuaries infill 
they emerge above the high tide levels and more vegetation can become established. 
Cu often forms stable compounds with organic matter (Hudson-Edwards et al, 
1996). A large correlation of any metal with organic matter and sulphide compounds 
could indicate that it is present in the oxidising fraction (Morillo et al, 2004). Trace 
metals are also remobilised due to changes in redox potential, e.g. Mn. Redox 
potential is one of the most important factors in the way metals behave in sediments, 
and is dependent on the depth to which the sediments are oxic. This can be affected 
by the amount of waterlogging in the sediment or saltmarsh, so areas that are more
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likely to be submerged will have less chance of being oxic. Sediment with larger 
grain sizes will allow the water to drain away more quickly and therefore allow more 
oxygen penetration (Jones and Turki, 1997).
Unlike lakes (see Section 2.2.2, ‘Metals in Lakes’), acidification does not occur in 
the estuarine or coastal environment, however, other potential problems exist in the 
form of biological mixing by burrowing organisms and physical mixing due to wave 
action. In areas of high sedimentation rates, coarse particle deposition and the influx 
of particles from the marine environment can dilute or even remove evidence of 
pollution inputs. This is less likely to occur in areas of high influx of fine-grained 
sediments (Valette-Silver, 1993).
2.2.2 Metals in Lakes
As with estuaries, metals enter lakes in a variety of ways. The majority of metals 
entering the lacustrine environment naturally do so via surface runoff scavenging 
material from the catchment and through groundwater input. A proportion are also 
deposited from atmospheric fallout. It has been estimated that lake sediments retain 
between 40% and 60% of the pollutant metals that enter them (Nriagu and Wong, 
1986). These processes are responsible for the pollution of lakes with metals, along 
with direct input from human processes such as dumping, point source emissions 
from industrial processes such as ore smelting and burning fossils fuels. For example 
in Sudbury, Ontario a number of studies have been carried out showing the 
relationship between Cu (and other metals such as Ni and S) contamination in the 
sediment and the rise and decline of the local smelting industry (Nriagu and Rao, 
1987: Gunn, 1995).
A certain amount of metals (e.g. iron) are required by lake organisms. However, 
there is a concentration above which the metals cease to be useful and become toxic 
to these organisms. As metals are often adsorbed onto sediments (in similar ways as 
in the estuarine environment) the concentrations are usually higher than those in the 
overlying water column (Rognerud and Fjeld, 2001). Once deposited they are 
subjected to post-depositional processes such as diagenesis and biological mixing 
leading to redistribution and potential concentmtion within the sediment (Boudreau, 
1999). Rognerud and Fjeld (2001) found that several metals (Sb, Pb, Bi, As, Hg and
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Cd) were significantly enriched in the surface sediments (up to 7 times those found 
in the bottom sediment) of Norwegian lakes. Cu, Zn and Ni concentrations also 
increased, though not to the same extent. In this case, due to the sampling method 
employed, it was decided that the emichment was caused by atmospheric deposition, 
diagenetic processes and accelerated release of these elements from the catchment. 
Blais and Kalff (1993), in a survey of 47 lakes in Canada, showed that the 
enrichment of Pb in surface sediments was as much as 14 times that of natural 
background levels, and that only approximately 7% of this Pb could be accounted for 
by natural sources.
Lake sediments are very sensitive to acidification (due to their low buffering 
capacity) which can affect the behaviour of the pollutants within the sediment. 
Transition metals, in particular, can be remobilised under low pH conditions which 
leads to their being redistributed though the sedunent or liberated back to the water 
column (Valette-Silver, 1993). Aluminium is particularly affected by changes in pH 
and, therefore, A1 distribution in sediment can be affected by lake acidification 
giving potential problems with the interpretation of A1 levels. This can also be true of 
Zn (Carignan and Tessier, 1985). Naturally alkaline lakes such as those in NoriTsk, 
Siberia can actually limit the environmental impact of metal pollution as they reduce 
the bioavailability of the metals (Michelutti et al., 2001). In the summer months 
lakes may also stratify, with oxygen-rich waters at the top and reduced waters at the 
bottom. This will lead to the bottom sediments having a different geochemistry to 
when the lake is mixed after the autumn turn-over.
As with estuarine sediment Mn and Fe profiles are affected by post-depositional 
diagenetic processes, leading to a redistribution of these metals within the sediment 
(Belzile and Tessier, 1990; Davison, 1993). Due to its strong affinity with Fe, As 
profiles often exhibit a similar distribution to those of Fe (Belzile and Lebel, 1986; 
Belzile and Tessier, 1990) Other factors affecting metal distribution within the 
sediment are the characteristics of the lake itself, both physical and chemical. For 
example, the drainage profile of the surrounding land and the number of streams 
coming into the lake will influence how much pollution is brought into the lake and 
how much is washed out, as will the sedimentation rate and the degree of 
bioturbation within the lake (Belzile et al, 2004).
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There are a number of natural sources of mercury to the environment including 
volcanic eruptions, local weathering and release from the oceans. Ramamoorthay 
(1985) estimated that human activity in the 20th century has released Hg at an order 
of magnitude higher than natural sources would have. Hg is released to the 
environment via a number of processes including the burning of coal, the alkali 
industry, waste incineration and mining. Lockhart (2000) showed that Hg mobility in 
sediment via diagenesis is limited.
A study of heavy metal pollution resulting from mining and smelting activities in 
three reservoirs along the Lot river in France (Audry et ah, 2004) showed that the 
sediment was contaminated with Cd, Zn, Cu and Pb at levels well above that of the 
natural background levels for the area. Cadmium was enriched by a factor of 300 and 
Zn by a factor of 65 in selected locations. The historical profiles established could be 
matched to the pollution history of the area. They showed the onset of mining and 
smelting, recorded the evolution of the industry in the area and the different methods 
of treatment of the waste and also showed one-off ‘accidental’ pollution incidents.
The source of anthropogenic pollution in lakes can be either local (waterborne or 
atmospheric deposition related) or global input via atmospheric transport. However, 
metals can also be present due to natural processes (weathering of rocks). Tylmann et 
al (2001) found a correlation between Pb, Zn and LOI in Polish lakes. Many studies 
have shown a correlation between fine grained lake sediment and pollutant metals 
(Forstner, 1977).
A study by Nienke and Lee (1982) indicated that Zn is adsorbed by lake sediment 
and becomes tightly bound to it, therefore high levels of Zn in lake sediments are not 
necessarily a hazard to aquatic life, as it is difficult to remobilise once bound to the 
sediment. They also showed a link between Zn and organic matter and that Zn was 
released from the sediment as the pH lowered.
Sly (1984) showed that in lake and river sediments there was an association between 
P and fine grained sediments and Pb and organic carbon. He found an association 
between coarse grained sediment and Fe and Zn which was suggested to be because
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these metals are present as coatings on the sediment. Ni and Cu appeared to be 
related to Fe concentrations. Hg was strongly associated with S and organic carbon 
and bound to Fe oxyhydroxides.
Arsenic has been shown to accumulate in the surface layer of lake sediment due to its 
association with Fe and Mn oxyhydroxides (Takamatsu et al., 1985). Similarly, Cd, 
Cu Pb, Zn, and Ni have been shown to adsorb onto Fe oxyhydroxides from 
porewaters in oxic lake sediments (Tessier et al., 1895)
In the Niagara river Murdoch and Duncan (1986) showed that Al, K and P increased 
with decreasing particle size due to their association with clay and together with Na, 
Ca and Ti were affected by local geological inputs. Cr, Co, V, Pb, Zn and Cu showed 
similar patterns of increasing concentration with decreasing particle size either due to 
being adsorbed on to Fe or clay particles.
Davenport (1990) found a number of controls on metal behaviour in stream 
sediments, including chemical and biochemical processes in the sediments, sorption 
to clay, co-precipitation with Fe/Mn oxyhydroxides and the behaviour of 
microorganisms. Hg was controlled by organic matter content. Fe and Mn correlated 
positively with Co and V.
The most important process in the behaviour of metals in lake sediments is the 
interaction with Fe, Mn and organic matter, with each of these in competition with 
the others to provide binding sites for the metals and their success being based on 
their relative abundance to each other (Luoma and Bryan, 1981). Absorption of Cu, 
Pb and Zn by the humic fraction has been shown to be more important in low iron 
oxide conditions (Luoma and Bryan, 1981) and the same study found that extractable 
Fe was more important than total Fe for binding Cd. The association the metals have 
with these components affects their bioavailability to organisms, e.g. Ag associated 
with Mn oxides is 100 times more available to organisms than when it is associated 
with Fe oxides or organic matter (Luoma and Jenne, 1977).
Tessier et al (1989) found that less Zn adsorbs onto Fe oxides in acidified lakes. Pb 
is more likely to be scavenged by Al precipitates in acid lakes (Bendell-Young et al.
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1989), whilst Cd scavenging from lake waters is due to coprecipitation with or 
adsorption onto Mn oxides. Young and Harvey found that Zn and Ni adsorption was 
affected by pH and they were recovered mostly from the reducible fraction, whilst 
Cu was not (possibly as it was more likely to be bonded with organic matter).
A study of Loch Dee in Scotland showed an increase in Zn, Cu and Pb in the top 
15cm reflecting industrial pollution input to the lake. Below 15cm there was little 
evidence of pollution input or diagenetic remobilisation. Fe, Mg, Cu, Cd, Co, Pb, and 
Ni were found mainly in organic complexes or as detrital silicates, whilst Mn, Ca and 
Zn were adsorbed or in the reducible oxide phases. In the contaminated zone, Pb was 
present as labile oxides or in the organic Pb phase (Williams, 1993).
During laboratory experiments on sediments from Esthewaite water, Hamilton- 
Taylor et ah (1996) found the important factors controlling Cu and Zn behaviour at 
the sediment water interface were mixing in the water column, sulphide precipitation 
in the sediments and anoxic hypolimnion and recycling from freshly deposited 
particles.
Lee et at (1997) showed that metals in a retention pond beside a motorway in France 
behaved in a similar fashion to those in lake sediments, being partially controlled by 
diagenetic processes. Cd was enriched in the surface sediment (due to an increase in 
the loosely bound fraction from surface runoff) but lower down the core it was fairly 
constant. Zn, Mn and organic carbon decreased with depth whilst Pb and Fe were 
fairly constant with depth. It was thought that surface emichment of Zn and Pb was 
due to their release from the sediment by early diagenetic reactions.
In benthic anoxic conditions Shaller et al. (1997) found that V, Cr and As had strong 
correlations with Fe, suggesting that authigenic iron oxides where important carriers 
of these metal in oxic conditions. In oxic waters V is usually present as a vanadate 
oxoanion (which has a tendency to form complexes with Fe), whilst in moderate 
reducing conditions the vanadyl cation is found. Chromium in oxic environments is 
usually present as a chromate ion which is weakly adsorbed to Fe oxides. The 
dominant form of As in oxic conditions is arsenate which is reduced to arsenite in
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reducing conditions and will form arsenite sulphide in the presence of FeS. K 
concentrations in sediment can be influence by the use of fertilizers locally.
When comparing the behaviour of P in an oligotrophic and a eutrophic lake 
Gonsiorczyk et al (1998) found Fe and Mn bound P was an important mechanism of 
release in the oligotrophic system, whilst in the eutrophic lake labile organic bound P 
was more important. In eutrophic lakes P coprecipitates with calcite which 
contributes to its permanent burial. Amounts of dissolved loosely adsorbed metal 
oxide and calcium carbonate bound P were higher in the eutrophic lake.
Construction in a local area can increase sediment yield to a lake (Charlesworth and 
Foster, 1999). Zn concentrations can be increased by increased traffic in a location 
(Zn is associated with tyre wear and tear) and can also be associated with a Pb 
increase from petrol usage. Pb in the atmosphere fell by approximately 77% after the 
introduction of Pb free petrol in the 1980s. Urban lakes can be a valuable method of 
investigating historic pollution inputs to a location (Charlesworth and Foster, 1999).
Kolak et al. (1999) found that in Lake Superior Cu was preferentially found in the 
organic fraction and that Cu concentrations were greater in nearshore sediments than 
in offshore sediments. Correlations with organic matter were much stronger at the 
offshore location suggesting that, in nearshore sediment, pollution input from mining 
was the major controlling factor in the behaviour of Cu, whilst in offshore sediments 
organic matter was a more important issue.
In a lake undergoing rapid sedimentation, sediment layers maybe isolated from the 
water column before early diagenesis can occur. Diagenesis may be limited by the 
supply of organic matter which results in a rate too slow to alter the sediment 
geochemistry and trace metal profiles, which can make these sediments a good 
record of the pollutant input to the system (Callendar, 2000).
Tessier (1985) demonstrated in low pH Cd, Cu and Zn were much more likely to be 
partitioned to Fe oxyhydroxides than to be present in the porewater.
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A study by Charlesworth and Lee (2001) showed in urban lakes that trying to match 
up sediment cores using SIRM and %Lf can be difficult due to the variability of 
pollution sources within these areas. They found that even within the same lake the 
depth of related magnetic properties can vary, making it difficult to match up cores.
In lake sediment a number of elements experience a change in redox potential and 
solubility (As, Co, Cr, Fe, Mn and v) and will migrate with changing redox potential. 
Other elements are less mobile (Cd, Cu, Pb and Zn). Metal sulphides form under 
reducing conditions and these have extremely limited mobility within the sediments. 
The slow reaction rates of Fe and Mn oxyhydroxides mean that any metals released 
by these are often reabsorbed before they can be remobilised through the sediment. It 
was suggested that peaks in Pb, Zn Cd and Cu in areas of very low sedimentation 
rate would occur under the peak in Fe and Mn (Boyle, 2001).
Yang et ah (2001) showed that a single sediment core is unlikely to be able to be 
used to adequately represent the pollution history of a lake, due to within lake 
fluctuations in sedimentation rates and metal distribution. A decrease in Hg 
concentration corresponding to low organic matter can indicate dilution by mineral 
particles. Plant debris in sediment appears to have a strong tenancy to adsorb Hg.
Sediment focusing is a process whereby fine grained sediment is redistributed from 
areas of erosion (usually nearshore) to depositional areas by storm events and lateral 
currents. If there are pollutants associated with this sediment these will be 
redistributed as well, and this can lead to higher concentrations in depositional parts 
of the lake. This can lead to the false impression of elevated pollution levels in 
certain areas (Davis & Ford 1982; Eisenreich et al., 1998). Sediment focusing 
usually affects large lakes with strong currents or those with localised inputs and can 
lead to an uneven distribution of sediments, with the most deposition occurring in the 
deepest part of the lake (Lehman, 1975). There are a number of other processes that 
can affect sediment distribution and settling in lakes including: river delta formation 
(coarser sediment settles out as the river enters the lake); river plume sedimentation 
(the settling out of finer particles as the river flows further into the lake); continuous 
complex mixing (on-going mixing of settling sediment); intermittent complex mixing 
(intermittent resuspension and redistribution of sediment); peripheral wave attack;
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current erosion and redeposition: slumping and sliding on slopes; organic material 
degradation (Hilton et at.,, 1986)
2.3 Organic Pollutants
The first PCBs were commercially manufactured in the USA in 1929. Their use 
increased rapidly as did their worldwide production which peaked in the 1960s. 
PCBs were first detected in the environment in 1966 by Jensen (1966). These 
substances are very resistant to degradation and therefore remain in the sediment for 
many years after production and emissions have ceased. PCBs are used in 
transformers, capacitors, hydraulic fluids, lubricants, plasticizers, dyes, adhesives. By 
the mid to late 1970s concerns about their ecological impact had led to restrictions 
being placed on their use and manufacture by governments in both Europe and the 
USA. In the USA their use was restricted to closed electrical systems in 1971 and 
then production was banned in 1977 (Valette-Silver, 1993). PCBs can enter the 
environment from landfill sites, incineration and industiy. Scrimshaw et al (1994 
and 1996) have shown that stable organochlorines are a very damaging and very 
persistent form of pollution.
Acceptance of the potential dangers to the aquatic environment associated with 
organochlorines started in the 1960s with the problems caused by the accumulation 
of DDT in the tissues of aquatic organisms such as seals and fish. However, it was 
not until the development of a process that was exceptionally sensitive to 
organochlorines (Gas chromatography and electron capture devices) that 
measurement of levels of these chemicals could be routinely carried out. This 
technique allowed the identification of DDT in Antarctic organisms, which led to the 
identification of the process of atmospheric transport of organochlorines distributing 
them all over the world (Holden, 1981). PCBs are now a global pollution problem, 
having been detected at every site they were tested for.
PCBs bind to organic matter in sediments and soils and, once they enter the food 
chain, they accumulate in fatty tissues. To date PCBs have been found in samples 
analysed from all over the world. This is due to their being carried via an
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atmospheric transport system to all corners of the earth (Alcock et al.9 1994). One of 
the main reasons for concern about PCBs in the marine environment is their 
persistency and stability. They are lipophilic in nature and therefore will become 
stored in tissue with a high lipid concentration. High concentrations are often found 
in animals that have a high fat or blubber content, for example, whales and seals. 
These high levels have been linked with reproductive disorders and lowered 
resistance to disease (Morris et al., 1989; Law et al., 1991). Camacho-Ibar (1996) 
showed PCB levels in benthic crabs from Liverpool Bay at up to 36 times higher 
than in the sediments, indicating that they were bioaccumulating and, therefore, 
could be a threat to human health if they entered the food chain.
It is important then that a record of the PCBs entering (and those already stored in) 
the environment be obtained. Law et al. (1991) looked at the PCBs suspected to be 
entering a site near Wrexham, North Wales and found that levels of contamination 
decreased moving downstream from the discharge site. Very low concentrations 
were found in fine sediment at West Kirby and this ties in with work done in the 
River Seine in France (Abarnou, 1987) that showed that the distribution of PCBs was 
linked to the dispersion of fine sediment particles on to which the hydrophobic PCBs 
became adsorbed. Law et al (1991) stated that in this case it was unlikely that any 
significant amounts entered the marine environment via the river and that any inputs 
most likely came from direct discharge to the sea or atmospheric sources (Alcock et 
al, 1994).
The 209 PCB congeners are produced by the chlorination of biphenyls. The naming 
of each of the congeners is related to its pattern of chlorine substitution (IUPAC 
numbering system) and this controls the congener’s behaviour in the environment 
and its toxicity.
The lower chlorinated PCBs can be broken down aerobically by micro-organisms 
and the higher chlorinated ones, in many cases, can be broken down by anaerobic 
processes by the removal of m- and ^-chlorines. This leads to an increase in the 
levels of lower chlorinated PCBs. Dechlorination rates are higher at lower PCB 
concentrations and can be limited by the presence of certain nutrients (e.g. vitamin 
Bi2) within the sediment and can be increased by the presences of trace metals such
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as Zn(II), Cu0^, Ni(II) and B(II) (Abramowicz et al, 1993). Van Dort et al (1997) have 
shown that PCBs degrade slowly within the environment, often over many decades 
and they can be dechlorinated by microbes. Those with more than 5 chlorine atoms 
are often not easily broken down by microorganisms and therefore are much more 
persistent. These are also more likely to bioaccumulate due to their higher octanol 
water partition coefficients. The PCBs with the highest toxicity are the congeners 
with chlorine in the mowo-ortho or won-ortho positions (Van den Berg et al, 1998).
Factors affecting the degradation of congeners include: the composition of the 
original parent mixture; site specific factors such as source of the PCBs; the medium 
involved (water, air or soil) and its physical characteristics, e.g. temperature, pH, 
particle size and organic matter content (Martin et al, 2003).
The onset of the manufacture and use of various chemicals can be used a method of 
proxy aging of sediments, e.g. PCBs and DDT. If a long enough core is taken it may 
be possible to identify background (natural levels) of metals and then see an increase 
related to the onset of the industrialisation of an area and use that as a method of 
aging of a core and in establishing the sedimentation rate from the location the core 
was taken from (Fox et al, 1999).
The relationship between organic matter and PCB content of the sediment is due to 
the organic matter acting as a substrate for the hydrophobic organic contaminants to 
adsorb onto. PCBs can, however, also be associated with coarse particles (Lohse, 
1991). Preston and Raymundo (1993) and Tyler et al (1994) suggest that adsoiption 
of organic compounds is controlled by the apolar lipid content of the particles. 
Brownawell and Farrington (1986); Baker et al (1986) and Lara and Ernst (1990) 
have all shown PCBs have a preferential adsorption on to organic matter within the 
sediment. However, if there is large amount of fine sediment present in a sample, 
then this could lead to the over estimation of the amount of PCBs in an area and if 
large amount of coarser grained sediment was present it could lead to the under 
reporting of contamination levels.
Thompson et al (1996) showed that PCB concentrations were higher in sediments 
consisting of fine, silty mud and lowest in coarser, sandy sediments. It is possible
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that Total Organic Carbon controls the amount of PCBs found in sediments but in 
this case there was only a weak correlation between these two parameters. 
Correlation was higher if the coarser fractions were removed from the analysis, 
suggesting that PCBs are found associated with organic-rich, fine grained sediments. 
Ko and Baker (1995) also observed PCBs tendency to partition to finer grained 
sediments. Pierard et al. (1996) found an association between low chlorinated PCBs 
and sand-sized fractions (>63 pm) and high chlorinated PCBs and silt-sized fractions 
(<63 pm). Interactions with sediment are related to organic matter content, nature of 
the surface and the surface area. Therefore, in sediment they are found particularly 
on clays and fine particles with high surface to volume ratio and high organic matter 
content. Small particles have increased sorbption capabilities due to larger surface 
area / volume. Edgar et al (2003) showed that the concentration of some congeners 
increased with grain size, some decreased and others have no relationship.
Due to their hydrophobic, particle-associated behaviour one of the important factors 
controlling the presence of PCBs in wetland environments is the sedimentary 
deposition pattern. If there is a large amount of sediment settling out from the water 
column then the levels of PCBs in the sedimentaiy record will be higher. It follows 
then that in areas of calmer water there will be higher rates of sedimentation and 
therefore higher levels of PCBs present. In areas of high bioturbation there will be 
more transportation of pollutants (and sediment) from deeper in the sediment to 
shallower areas leading to confusion of the deposition history. So sampling should 
ideally be done in areas with high sedimentation and low bioturbation. Sedimentary 
records can be lost during periods of resuspension caused by turbulence (possibly 
due to higher water input in wet years) or dredging of an area. However, in areas of 
very high sedimentation rates it can be quite difficult to sample for historical 
contaminants as the core lengths needed may be fairly long. Latimer et al (1996) 
found that there was no overall trend of declining PCB levels in recent years. 
Monitoring of pollutant inputs can be used to calculate rates of sedimentation if the 
core samples can be correlated with certain pollution events such as the onset of PCB 
production or a major release incident. The proximity to the pollutant discharge will 
also govern how much enters the sedimentation process. The work in this paper also 
suggested that the water column maybe a significant source of PCB pollution to the
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atmosphere (Latimer et ah, 1996). The more water soluble low chlorinated PCBs are 
likely to be transported further from the source than the higher chlorinated PCBs.
Chang et al (2001) and Gil and Vale (2001) have shown that increases in low 
chlorinated PCBs with depth can be associated with dechlorination over time due to 
diagenetic processes. Sediments close to the surface that contain high concentrations 
of low chlorinated PCBs would not have had time for this process to occur, as it is a 
slow process (Natarajan et al, 1998). Therefore, the mineralogy should be 
investigated as, if this shows changes in the nature of the deposits the concentration 
of PCBs is more likely related to that than diagenesis. Lee et al. (2001) suggest in 
summer photodegredation of exposed surfaces can breakdown the more highly 
chlorinated PCBs to lower chlorinated PCBs.
Ko et al (2003) observed that tidal currents and storms provided an influx of energy 
to aid in the process of physical resuspension of sediments and led to the extension of 
their residence time in the water column. This, in turn, can lead to the release of the 
organic contaminants attached to these particles and these contaminants may be 
resuspended and settle out many times before degrading or being buried.
Organochlorine pollution can be measured using sediment cores to give an ovemew 
of input from both local and global sources. Barra et al (2004) looked at 
organochlorine levels in sediment in conjunction with Cs dating to investigate 
pollution levels over time in sediments in Chile. Levels in Chile were less than in 
comparable areas of the northern hemisphere, but on a par with those found in 
pristine areas of the northern hemisphere (Columbo et al, 1990; Prats et al, 1992; 
Muir et al, 1996). Higher levels of penta- to hexa-chlorinated PCBs were found 
indicating a local source. PCB concentration was found to have increased in recent 
years, probably due to their usage in transformers etc.
Larsson and Sodergren (1987) undeitook as series of experiments to try to determine 
the relative importance of various processes in the transfer of PCBs from the water 
column to the sediment and vice versa. They used a mesocosm approach in which 
two large tanks of freshwater, with a bottom layer of lacustrine sediment were used 
to represent the aquatic environment and the rate of release of PCBs to water, air and
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aquatic organism (eels Anguilla anguilla) was measured. It was found the major flux 
was between sediment and water with a lesser amount being transferred to the air. 
This was found to relate to water temperature, with higher levels being transferred 
from the sediment in warmer temperatures (20°C). Sedimentation of PCBs was 
greater in the autumn than the flux from the sediment to the water and air. This is due 
to the release rate of PCBs from sediment being related to solubility. As temperature 
increases, so does solubility, therefore more PCBs are released from the sediment to 
the water. Low temperatures also lead to lower activity in benthic organisms and 
therefore lower rates of bioturbation. Microbial activity decreases as temperature 
decreases, leading to lower rates of mineralisation and gas production. There are 
fewer phytoplankton in colder months, so less lipid store to hold the PCBs. The more 
particulate matter there is in a location the higher the transfer of PCBs to the 
sediment will be. This is because the PCBs adsorb to the particulate matter which 
eventually settles out and becomes incorporated into the sediment. So a water body 
with a high level of phytoplankton will have a larger rate of transfer of PCBs to the 
sediment than one with fewer phytoplankton. PCBs entered the fatty tissues of fish 
via uptake from water, sediment, particulate matter and food. Algal mats covering 
the sediment can also reduce the amount of PCBs entering the water column from the 
sediment as they adsorb them. If these mats are a food source for aquatic organisms 
then they can provide a route into the food chain for the PCBs. However if 
sedimentation of particulate organic matter is very high in summer it can affect the 
overall flux of PCBs from the sediment to the water column. Transfer from the water 
to the air was higher in warmer temperatures as compounds leave the water by a 
process of volatilisation and it has been shown that less chlorinated PCBs volatilise 
faster than more chlorinated ones. PCBs in a gaseous state will remain in the 
atmosphere (and hence be transported further) than those associated with particles 
(Larsson and Sodergren (1987).
Another factor that can affect the concentrations of PCB congeners is changes in the 
source of the PCBs, with different mixtures entering the environment over time. 
There will also be selective redistribution of certain congeners within the sediment. 
For example, the less chlorinated congeners are more aqueous soluble and more 
likely to volatilise and, therefore, to be redistributed to shallower sediment. There 
will also be selective destruction and transformation of those that are present. In
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some cases PCBs have been found in sediments that predate PCB production. 
Reasons for this could include downward migration of the PCBs, mixing of the 
sediment by bioturbation, contamination of the samples in the sampling or analysis 
phases, and even incorrect dating of the core samples (Gevao et al, 1997).
The most toxic of the PCBs are the coplanar congeners such as 3,3’,4,4’- 
tetrachlorobiphenyl and 3,3 ’,4,4’ ,5-pentachlorobiphenyl (McKinney et al, 1996; 
Poland and Glover, 1997) which are highly persistent. Levels of these have been 
found in killer whales, porpoises, Forster’s tern eggs, dogs, cats and humans. It 
seems that higher levels are found in marine mammals than in those of terrestrial 
origin due to their lower capacity to metabolise them and it would appear that ability 
to metabolise them is dependent on the positions of the chlorine atoms. There needs 
to be at least one ring of biphenyl with adjacent nonchlorinate meta and ortho 
carbons (Tanabe et al, 1987).
Kannan et al (1989a) have shown that no enrichment of co-planar PCBs occurs in 
sediments, they just accumulated whatever was discharged in proportions relative to 
their presence in the environment. However, some of the most toxic, co-planar PCBs, 
e.g. 3,3’,4,4’,5-P5CB will accumulate more readily, and have a longer half life (13 
days as opposed to 6 days) in the tissues of certain organisms (e.g. the mussel, P. 
Viridis) than other pentachlorobiphenyls (Kannan et al, 1989a,b,c; Tanabe et al, 
1987).
PAHs found in the environment come from a variety of sources, some natural and 
some synthetic; including volcanoes, forest fires, vehicle emissions, industrial 
releases, oil spills and waste incineration (Yunker et al., 2002). They can be 
produced naturally via diagenesis from organic matter (Benlahcen et al., 1997). They 
usually occur as mixtures which can, in some circumstances, be used as a method of 
identifying their source (Law and Biscaya, 1994). They adsorb onto sediment and 
organic matter particles, but undergo weathering and biodegradation which can 
complicate the task of source apportionment. The main cause of redistribution of 
PAHs is particle resuspension (Latimer et al., 1999). Like PCBs they are persistent 
and can often be found in high concentrations associated with fine grained sediments 
and organic matter (Witt, 1995; Xia and Wang, 2008). Due to volatalisation, the
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concentrations of the lower molecular weight PAHs are often lower than those of the 
higher molecular weight ones. Once in the sediment they can be broken down by 
bacteria (Rothermich at al, 2002; Lei et ai, 2005).
2.4 Chapter Summary
This chapter shows the number of factors that influence the behaviour of metals and 
organic pollutants in saltmarsh, estuary and lake environments. In saltmarshes, 
sediments are trapped by vegetation leading to the development of the marsh and 
these same sediments can accumulate pollutants leading to the development of a 
pollution history for the region within the sediment record. This is particularly 
important in enviromnents near' industrialized estuaries.
The main sources of metals to wetland environments are natural processes 
(geological weathering and biological decomposition), material brought in via the 
tide, land runoff, atmospheric fallout and biological productivity and, anthropogenic 
inputs from human activities such as mining, industrial ore processing, sewage, 
waste runoff and incineration. Spatial fluctuations will be related to sources of 
emissions, mixing and temporal controls such as increased water flow and season 
production of phytoplankton.
A number of physical processes affect the sediment build up in both estuaries and 
lakes. Bioturbation, wave action, and human disturbance (dredging) can remobilise 
and re-oxygenise sediments. This can lead to movement of pollutants within the 
sediment and also the release of these pollutants from the sediment and redeposition 
elsewhere. Pollutants are often found preferentially attached to the finer grain sizes 
and sediments rich in organic matter. Temperature will affect microbial activity in 
the sediment and can therefore speed up (higher temperatures) or slow down (lower 
temperatures) biodegradation and bacterial activity.
Chemical processes within the sediment also influence the behaviour of metals and 
POPs. Diagenetic processes control the behaviour' of the metals, e.g. pH, redox 
conditions, organic matter content and sediment composition and can lead to
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remobilisation, removal or redeposition of these substances elsewhere within the 
sediment record. Because of their lower buffering capacity, lake sediments are much 
more sensitive to acidification processes than estuarine sediments and this can affect 
the concentrations of Transition metals (e.g. Al) within them.
Localised sediment composition and post-depositional regime can sometimes make it 
difficult to distinguish between anthropogenic and natural sources of metals and 
POPs. An increase in the concentration of lower chlorinated PCBs with sediment 
depth may not be related to pollution input but actually be due to anaerobic bacterial 
breakdown of the higher chlorinated congeners.
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CHAPTER3
POLLUTION AND THE MERSEY BASIN
This chapter examines pollution and the Mersey Basin. A consideration is given to 
the factors affecting sediment and pollutant transport and behaviour in the estuary, 
the variety of habitats and land use in the Mersey Basin and the industrial histoiy and 
sources of pollution to the region.
3.1 The Mersey Basin and Mersey Estuary
The Mersey estuary has in the past been one of the most polluted in Europe. The 
estuary, saltmarshes and local wetlands, due to their proximity to large 
industrial/urban areas, have been the end point for a variety of man-made pollutants, 
including heavy metals and organochlorines, for the last 200 years (Fox et al, 1999; 
Fox et al, 2001).
The Mersey Basin is located on the northwest coast of England. It encompasses St 
Helens and Stalybridge in the north and north east, the Pennine fringe (between 
Manchester and the Pennines in the east and Stockport and Ellesmere Port in the 
South (Tomlinson, 1997) and includes most of the catchments of the Rivers Mersey 
and Irwell. Any study looking at the Mersey Basin must also take into consideration 
the influence of factors in the Liverpool Bay area. This is an area that covers three 
counties (Lancashire, Merseyside and Cheshire) and stretches from Rossall Point, 
Fleetwood (Lancashire) in the north to the Welsh border of the Dee Estuary in the 
south. It includes the estuaries of the Dee, Mersey, Alt and Ribble and a range of 
coastal habitats such as saltmarshes, sand dunes and soft cliffs (George, 1997).
The river Mersey forms at Stockport, where the rivers Tame and Goyt merge, and 
flows into the Irish Sea via the Mersey estuary (Figure 13). The estuary is 47 km 
long, from its tidal limit at Howley Weir to its mouth at New Brighton, and has the 
second largest tidal range in the UK (mean 8.4 m), with current velocities of up to 
3.0 ms"1. The drainage area is approximately 5000 km2 (Martino et al, 2002). The 
estuary can be divided into four main sections, the Upper estuary, the Inner estuary, 
the Narrows and the Outer estuary (NRA 1995).
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The upper estuary is a narrow channel located between Warrington and Runcorn. 
The Inner estuary is a large basin starting just below the Runcorn Gap. On its 
southern shore it has an extensive saltmarsh system and supports a bird population of 
national significance. The Narrows are an area where the channel becomes straight 
and narrow downstream from the Inner estuary. They are deep (up to 30 m at low 
tide) and have a high current speed (6 knots). The Outer estuary is a large area of 
intertidal sand and mud banks with the Crosby and Queens’s channels maintained by 
dredging (NRA 1995).
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Figure 3: The Mersey Estuary.
Due to its unusual ‘bottle neck’ shape (widening from 1 km at Widnes to 5 km at 
Hale and back to 1 km at New Brighton) the Mersey is an extremely dynamic 
system. The high tidal velocities lead to scouring of the channels and continual 
resuspension and remobilisation of sediments and particulate matter. This, in turn, 
leads to the high turbidity found in the water (over 2000 ppm near Runcorn bridge) 
(NRA 1995). Much of this is alluvial sand and silts from upstream (although some is 
of marine origin). The highest levels of pollution are detected in the Upper estuary,
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due to the reduced amount of dilution taking place, as only flood tides reach that far 
upstream (NRA 1995).
Water quality in the estuary ranges from Class D (bad) in the Upper estuary to Class 
C (poor) in the Inner estuary and Narrows to Class B (fair) in the Outer estuary. As a 
result of improved sewage treatment in the area, BOD (Biological Oxygen Demand) 
in the estuary has declined and the result of this is that oxygen levels within the water 
have increased (although there are still areas of very low oxygen) (Harland et al, 
2000).
3.2 Sediment Sources, Transport Pathways and Processes
The particulate matter that eventually forms the sediments in the estuary comes 
either via marine input from the Liverpool Bay or from alluvial silts and clays 
brought downstream by the river Mersey. The Mersey estuary is gradually accreting 
sediment (coarse sand from Liverpool Bay and finer materials from upstream). The 
finer particles either settle out in areas of very low flow or are transported by the 
current to the Irish Sea. The majority of resuspension occurs during spring tides in 
the shallow areas of the estuary (NRA 1995). Both these processes contribute to the 
constantly changing position of the low water channel and the build up or erosion of 
the estuary’s saltmarshes, which in turn leads to the storage or release of pollutants 
within the sediment (NRA, 1995).
There is an overall movement of sediment (particularly sandy sediment) into the 
Mersey estuary from Liverpool Bay (O’Connor, 1987; Thomas et al., 2002), 
encouraged by onshore currents near the sea bed (Ramster and Hill, 1969). This 
seems to have been enhanced in recent years by the construction of training walls 
(1909 to 1949) and dredging operations in the outer estuary (Thomas et al., 2002; 
Blott et al., 2006). In 1906 there were three main channels in the inner estuary and 
between 1906 and 1936 these became more defined. The main channel in the eastern 
part of the inner estuary had migrated northwards causing significant erosion of the 
Dimgeon Bank and accretion of the Ince and Stanlow Banks on the southern side of 
the estuary. There was a deepening of the eastern side of the Eastham channel and a
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narrowing of the Gartson channel. Between 1936 and 1956 there were only minor 
changes to the estuary, with the Eastham and Ince Banks continuing to accrete. By 
1977 the southwards migration of the main channel had allowed accretion to occur at 
Dungeon Banks and erosion of the north side of Ince and Stanlow Banks. Between 
1977 and 1997 Eastham Sands had been subjected to significant erosion. However, 
during this time Stanlow Bank continued to accrete, the Gartson channel had 
deepened (possibly encouraged by dredging operations) and the Middle Deep had 
infilled somewhat. Between 1906 and 1997 the overall volume of sediment in the 
inner estuary increased, particularly between 1936 and 1956 and corresponding to 
the reduction in dredging during WWII (Blott et aL, 2006).
The amount of sediment brought downstream by the river has always been relatively 
small in comparison to that entering from the Irish sea and the fluvial supply was 
further reduced following the building of the Manchester Ship Canal in the 1890s 
(Comber et aL, 1993). Sediment accretion rates are thought to be approximately 3% 
of the ebb/flood sediment exchange (~1 million cubic metres per year) (Lane and 
Prandle, 2006). Lane (2004) modelled sediment fluxes in the Mersey and showed 
that they are dominated by fine sediment (silt) movement on the Spring tide and that 
there is relatively little contribution to the sediment regime by river flow, saline 
intrusion or dredging.
Factors affecting the supply and movement of sediment to the Mersey Basin include 
sea-level change, tidal regime, storm surges, grain size distribution, anthropogenic 
factors such as dredging, port development, land reclamation and development and 
coastal defence construction (Thomas et ah, 2002; Blott et ah, 2006; Pye and Blott, 
2008). Erosion of soft cliffs in areas like Garston and Widnes and unconsolidated 
quaternary sediments north of Crosby also provide a sediment input to the estuary 
(Blott et ah, 2006).
There is some evidence to indicate that the inner estuary has become less flood tide 
dominant (particularly in the period between 1956 and 1977) (Thomas, 1999), but 
Lane (2004) concluded that this had no long term effect on the estuary. The effects of 
wind conditions, in general, on the sedimentary environment of the estuary are
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poorly understood, but Pye (1991) indicates that individual storm events can 
contribute to resuspension and redistribution of sediments within the estuary.
When compared to other estuaries (Dee and Kibble), in the Mersey estuary there has 
been only a relatively small amount of land reclamation. This is mainly concentrated 
around the Liverpool and Seaforth Docks and the Ince Banks area affected by the 
construction of the Manchester Ship Canal, and it is thought that the effects on the 
sedimentary regime have been fairly small (O’Connor, 1997). There is a salinity 
gradient in the estuary from the upper limit at Howley Weir to the Irish Sea, this 
varies with freshwater flow and tidal currents (Hartnett and Berry, 2010) which will 
affect the behaviour of sediment bound pollutants.
Due to the tidal dynamics in the estuary (strong tides and currents) resuspension, 
redistribution and resettlement of bed sediments occurs frequently (Hartnett and 
Berry, 2010). This will affect the concentration of suspended particulate matter in the 
water column and lead to a complicated pattern of sediment (and therefore sediment 
bound pollutant) movement round the estuary. Cohesive sediment (which binds 
heavy metals) is predominantly found in the area from Runcorn seawards with non- 
cohesive sediments (those that are less successful at binding metals) found mainly in 
the area from Howley Weir to Runcorn (Hartnett and Berry, 2010). Suspended 
sediment load increases with the onset of the flood tide and decreases as the tide 
ebbs. Currently the estuary is stable state although localised erosion and accretion 
may be occurring in certain areas (Thomas, 2002). Non-cohesive sediment 
transported via suspension and bedload accounts for the majority of the sediment 
entering the estuary. Sediment particle size tends to increase moving offshore 
(Kritsov et at, 2008) but this is complicated by factors such as flocculation and 
aggregation caused by interaction with the biota, e.g. mucus production by plankton 
can increase flocculation.
The lower Mersey Basin catchment contains a number of industrialised areas 
Manchester, Bolton, Bury, Rochdale, Oldham, Stockport, Warrington, Widnes, 
Runcorn, St Helens, Ellesmere Port, Crewe, Tranmere and Liverpool, all of which 
will contribute a pollution load to the estuary making it difficult to identify specific 
sources of individual pollutants. The majority of freshwater entering the estuary
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from rivers comes from the Mersey, the Manchester Ship Canal and the River 
Weaver (Harland et al9 2000). The sediment supply to isolated lakes (e.g. Speke 
Hall) comes from either windblown deposition or overland runoff and will, therefore, 
have a tendency to be of finer particle size than those supplied to the estuary via river 
runoff and tidal input from the Liverpool Bay area.
PAHs from pyrolytic sources are often bound to ultra-fine super soot particles which 
can lead to them being transported great distances by the wind. These super soot 
particles have been shown by Gustafsson et al. (2001) to make up 2-30% of total 
organic carbon in coastal sediments
3.3 Habitats in the Mersey Basin and Liverpool Bay Area
As mentioned earlier there are four estuaries running into the Liverpool Bay area 
(The Alt, the Mersey, the Ribble and the Dee). They each have a large expanse of 
sand and mudflats and are backed by saltmarshes and sand dunes. They host 
migratory birds during spring and autumn and are important areas for waders and 
wildfowl and a number of shellfisheries, including cockles at Talacre, Salisbury 
bank, Thurstaston and West Kirby in the Dee. The Dee and the Ribble are also 
important rivers for trout and Salmon. A number of factors, both historical and 
current are influencing the environmental quality of the estuaries including, dredging 
(e.g. to keep shipping channels open), fishing, recreational usage, effluent disposal 
and reclamation of intertidal land (George, 1997; Tomlinson, 1997).
Sand dunes are primarily located along the Sefton coast but are also found on the 
Wirral and Fylde Coasts. Rich agricultural land (reclaimed from mossland) can be 
found behind the dune systems and a number of SSSI and NNRs (including Ainsdale 
NNR) indicate the importance of the area as a habitat for various protected species 
(Natterjack toads, Red squirrels and Great Crested newts, for example). There are a 
number of factors currently affecting the dune system: coastal defence can limited 
the supply of sediment for the dune system; erosion and destruction of vegetation can 
be a problem caused by recreational activities; invasive species such as sea
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buckthorn can affect habitat composition, as can processes associated with urban 
development, e.g. laying of wastewater pipelines (George, 1997; Tomlinson, 1997).
Saltmarshes make up a large pail of the Merseyside coastline and many of these 
include upper and mid marsh communities that have been lost in other parts of the 
country due to land reclamation. Since the 1920s there has been an increase in newly 
colonised saltmarsh areas due to the introduction of cord-grass, however in other- 
areas erosion is removing saltmarsh habitats. Saltmarshes in the region provide an 
important habitat for a number of bird species including snipe and an overwintering 
location for species such as pink footed geese, whooper swans and teal (George, 
1997; Tomlinson, 1997). There ar e a number of cliff habitats on the Mersey estuary 
including at Hale, Eastham and Hilbre island and these provide important habitats for 
a number of plant species (rock sea lavender and fern spleenwort) (George, 1997; 
Tomlinson, 1997).
Merseyside has a number of important lowland heath areas found on sandy Mils that 
are home to important species such as sliver studded blue and grayling butterflies 
(George, 1997). Many of these areas on the Sefton coast have been incorporated into 
golf courses (Tomlinson, 1997). A lot of the lowland peat mossland has been 
drained for agricultural use or used for fuel and fertiliser. A few still remain (e.g. 
Risley Moss and Red Moss) and they are important as they preserve climate and land 
use change records (Tomlinson, 1997). Current pressures on them include the 
drainage of surrounding land for agricultural purposes, their use as tipping sites, 
recreational activities and eutrophication (Tomlinson, 1997).
A considerable amount of the Mersey Basin urban area is made up of lowland 
grassland. Much of tlris has undergone improvement for agricultural purposes. The 
grassland can be split into a number of types including: unimproved permanent 
grassland (often found on the edge of farmland); hay meadows; flood meadows and 
inundation grasslands; coastal grazing marshes (often including networks of brackish 
or freshwater ditches) and acid grasslands. These grassland areas provide habitats for 
a wide range of organisms including reed bunting, moorhen, snipe, lapwing, bam 
owl, pin tail and golden plover (Tomlinson, 1997). They are threatened by 
overgrazing (e.g. by horses), over-intensification of agriculture and development
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(urban, suburban and industrial). Traditionally managed arable land makes up a 
small proportion of the land in the Mersey Basin. It is important as the traditional 
methods provide a valuable habitat for a range of species e.g. partridge, brown hare 
and skylark. Modern farming methods (e.g. pesticide use) keep the land more weed 
free, which is a threat to some of these species (Tomlinson, 1997).
About one fifth of the woodland in the Mersey Basin is Ancient semi-natural 
woodland. The largest concentrations are found on the Wirral and south eastern 
Greater Manchester. It is generally associated with narrow valleys cut by streams. It 
is often dominated by oak and sycamore with brambles, ferns and bluebells being 
common species found there. Alder is common in wetter locations. It is threatened by 
species invasion (himalayan balsam, rhododendron), recreation pressure, fires and 
vandalism. There is also an area of ancient wood pasture at Dunham in Trafford that 
provides an important location for a variety of beetle species and the rare Black 
Poplar* (Tomlinson, 1997). Four fifths of the woodland in the region is secondary 
and plantation woodland. It is important as it provides a wide range of habitats for a 
variety of communities (plants, birds, invertebrates) (Tomlinson, 1997).
Freshwater wetlands, canals, ponds and reservoirs provide a range of habitat types in 
the region. These have suffered from pollution inputs in the past but many have been 
cleaned up in recent years and now host a wide variety of species. Deeper lakes host 
diving birds such as grebes and coots, shallower lakes are preferred by ducks and 
moor hens. Canals provide a good location for freshwater sponges and damsel flies 
and the rare great crested newt can be found in ponds in the area. Restoration, 
recreation and development can negatively impact on the established communities 
(Tomlinson, 1997).
Due to the major conurbations in the Mersey Basin, urban areas provide an important 
range of habitats in the region. They include waste land, railways, parks, commons, 
gardens, disused buildings and former industrial sites (Tomlinson, 1997).
Other habitats in the coastal region include a number of man-made saline lagoons, 
some of which are brackis, plus a wide variety of other artificial habitats including 
groynes, docks and oil and gas platforms. Rocky shores are limited to a few locations
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(e.g. Hilbre Island) and provide a habitat for animals such as mussels and barnacles 
and a variety of seaweeds. The majority of shores are sedimentary, comprised of 
sand and mud and species include those of bivalve molluscs and polychaete worms 
(George, 1997).
The seabed is a sedimentary environment made up predominantly of sand (coarse, 
fine and muddy), with pebbles and cobbles. The main factors affecting it are 
pollution, oil exploration, fishing, dredging and recreational activities (George, 
1997).
The inshore/onshore water habitats contain a number of important fisheries including 
shrimp, plaice, whiting, brill, sole, rays and turbot. Some of these species also have 
their nurseries in the area (sole, plaice and rays). A colony of Grey seals can be 
found near Hilbre Island on the Dee. Environmental quality is affected by pollution 
(Mercury, PCBs and lead), litter (plastics and old fishing nets), fishing and 
recreational activities and oil exploration (George, 1997).
The area is used for a range of activities including; fishing, tourism, industry, oil and 
gas exploration, mining and mineral extraction, agriculture, urban development, 
dredging and nature conservation. Liverpool, Birkenhead, Lytham St Anne’s, 
Southport and Blackpool in particular have high concentmtions of residential and 
commercial land use and all these activities are contributory factors affecting the 
natural habitats (George, 1997).
3.4 Land Use in the Mersey Basin
The majority of the land in the Mersey Basin is agricultural (Figure 4). However, 
there are a number of urban areas which include the Liverpool city area and its 
surroundings (Rothwell et al., 2010). These areas consist of a mix of residential and 
industrial land (Tomlinson, 1997). The Mersey Basin is one of the most densely 
populated areas in the UK, consisting of 2 major urban conurbations (Liverpool and 
Manchester), as well as a number of surrounding towns and cities including St
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Helens, Warrington, Wigan, Halton, Birkenhead and Ellesmere Port (Tomlinson, 
1997).
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Figure 4: Map of Land use in North West England including the Mersey basin (taken from 
Rothwell et al., 2010).
56
The area in the north and north east corresponds to the edge of Lancashire coal 
measures and is characterised by gentle hills and valleys. In places the natural 
landscape has been modified by coal spoil heaps resulting from the historical mining 
activity in the area (Tomlinson, 1997). In the east of the basin close to the Pennines 
(and outside of the Manchester conurbation), the landscape consists of moorland, 
steep sided valleys and fast flowing rivers which contributed to the development of 
industry in the area. The majority of land is used for farming (permanent pasture) 
although some mineral extraction does still occur (Tomlinson, 1997). In the south 
(around Ellesmere Port and Stockport) there is a mixture of industrial development 
and arable land with some uncultivated peat mossland. Land use on the Wirral 
peninsula is a mix of lowland farming, small town urban developments and some 
industrial areas. The Liverpool conurbation consists of industrial and residential land 
(Tomlinson, 1997).
Following on from the industrial revolution in the 18th Century, there was a steady 
increase in both population density in the major towns and industrial activity in the 
Mersey Basin. A number of industries developed in the region (pottery, brewing, 
copper and brass making), particularly round the St Helens area. The extraction of 
coal increased in the Lancashire region and in the Pennines and all industries 
benefited from the construction of canals and later the railways, which also allowed 
the expansion of the textile industry.
By 1851 the Mersey Basin has become one of the world’s most important 
manufacturing locations with 68% of the population living in urban areas. This level 
of urbanisation and industrial development led to loss of habitats (for housing, 
industry and agriculture) and an increase in aquatic and atmospheric pollution. A 
further period of urbanisation occurred post 1945 with the outward expansion of the 
suburbs due to the increase in car ownership. There was a general industrial decline 
in the region from the early 1920s until the 1960s when there was a move away from 
traditional industry such as chemical production to more high investment industries 
like electrical engineering, car and aircraft manufacturing. In recent years these 
industries have also faced decline due to global competition. Population increased up 
until around 1971, when levels stabilised. In the last thirty or so years, stricter
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environmental legislation has allowed an improvement in the water quality and air 
quality in the region (Handley and Wood, 1999).
3.5 Industry, Pollution and the Mersey Basin
In the 15th Century the silting up of the river Dee led to the gradual increase in 
importance of the Mersey for trade purposes. This led to an increase in the 
population of the Liverpool area, from around 5,000 in 1700 to 223,000 in 1841. 
This rapid increase in population led to an increase in industry (on the estuary itself 
and upstream on the various tributaries) and, therefore, an increase in pollution (both 
from domestic and industrial sources) (NRA 1995). Industries that developed in the 
catchment area included cotton mills and the associated processes of bleaching and 
dyeing, including those companies manufacturing the raw materials, the paper 
industry and glass and heavy chemical industries round Widnes and St Helens. 
Shipbuilding and boiler making developed on the Wirral leading to a population 
increase from 110 in 1801 to 24,000 in 1851. Various other industries developed on 
the Wirral - soap making at Port Sunlight and oil refining and Stanlow. Similar 
population expansions were associated with the chemical industry in Widnes, 
Warrington and Runcorn (ICI) (NRA, 1995). The range of industry and land use in 
the region has lead to a variety of sources for pollution input (industrial discharges, 
agricultural runoff and sewage). Aquatic sources include direct discharges to rivers, 
lakes and estuaries, downstream transport from other parts of the region and 
remobilisation of pollutants stored in sediments. Atmospheric sources also contribute 
to the pollution load in the region and these include local industry and long range 
transport from other areas (Burton, 2003).
The Mersey drainage basin has a long association with the chemical industry dating 
back to the 19th century particularly with ammonia, sodium carbonate and chlorine 
production and use (Hardie, 1950). Other industries in the area include car 
manufacturing and oil refining. There are several ports (Birkenhead, Liverpool, and 
Ellesmere Port) located along the Mersey, as well as access to Manchester via the 
Manchester ship canal.
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The association with organic chemicals started around the time of WWI (1914), with 
the production of chlorinated solvents and later (1930’s and 1940,s) the manufacture 
of pesticides such as DDT (dichlorodiphenyltrichloroethane), HCH 
(hexachlorocyclohexane), HCB (hexachlorobenzene). PCBs were never actually 
manufactured in the Merseyside area but were in use in the vicinity and have entered 
the estuarine system via atmospheric and drainage pathways (Fox et al, 2001).
Commercial use of PCBs started in the UK in 1954, peaked between 1965-1975 
(Gevao, 1997) and manufacture ceased in 1977. Fox el al (2001) showed that PCBs 
appeared in Mersey estuary sediment from the late 1940s and peaked in 1970. 
However, even though production has ceased, levels in more recent sediment still 
remain high due to the persistence of these chemicals and the continued release from 
the equipment utilising them being discarded in landfill sites. Fox et al (2001) found 
that except in recent sediments, penta- and hexachloro congeners were present in 
higher levels than tri-, tetra- and heptachloro congeners. Due to the long life of 
transformers is likely that PCBs will continue to enter the environment for some 
time.
In recent years there has been an increase in the use of the estuary and surrounding 
land for recreational and residential purposes (residential and tourist development at 
the Liverpool docks, including watersports areas) activities include golf, wild 
fowling, country parks, caravan and picnic areas and bird watching (6,700 hectares 
of the estuary are classed as SSSI and the estuary is internationally important for 
water fowl).
The Mersey Basin Campaign was established in 1985 to try to co-ordinate the 
cleanup of the Mersey (Burton, 2003). Work carried out over the last 25 years 
(Taylor, 1986; Harland et al, 2000), on mercury and other metals (aluminium, lead, 
copper, nickel, and zinc to mention a few) has suggested an overall decrease in the 
levels found in surface sediment (except for aluminium) (Taylor, 1986; Harland et 
al, 2000). This is likely to be due to stricter discharge regulations leading to 
improved effluent treatment by industry as well as change in operating practices 
within industry. BOD has been decreasing in recent years due to stricter discharge
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controls and the diverting of sewage inputs, although in certain areas, under certain 
conditions there are still zero oxygen levels (Harland et al, 2000).
Liverpool Bay has been regularly monitored for pollutant levels since the early 
1970s, although the majority of these studies concentrated on trace metals and not on 
the organic pollutants (Norton et al, 1984; Rowlett et al, 1986). The Mersey 
estuary receives a large amount of untreated and treated sewage. Campbell et al 
(1988) have shown that Zn pollution comes from domestic sewage and Ni from 
industrial sources in the Mersey Basin. It has been shown that the suspended 
particulate matter from sewage sludge is particularly effective at removing the metals 
Cu and Cd and to a lesser extent Cr and Zn. They also found Cd was present in the 
weakly bound exchangeable and carbonates phases which means that it can be easily 
released to the water column.
The chlor-alkali industry started in the Mersey in 1890s with the development of the 
process of brine electrolysis using a mercury electrode. This has lead to an increase 
in the input of mercury and chlorine to the estuary. This increased through the 1st 
World War which was followed by a recession in the chemical industry. However 
the 2nd World War increased the need for chemical manufacturing which continued 
to grow along with other industries in the area (e.g. petrochemicals) up to the mid­
seventies (Fox et al, 1999; Fox et al, 2001).
Lead enters the estuary from a major lead alkyl plant at Ellesmere Port and can also 
be related to mining activity, car’ exhaust emissions and as fly ash from coal fired 
power stations. It can also be associated with the use of lead based paints, 
particularly for ships (as can Cu and Zn) It is possible to relate a peak in Pb to a peak 
in leaded petrol use and a decrease in levels often correlates with the phasing out of 
this (Valette-Silver, 1993; Velde et al, 2003). Lead is one of the major contaminants 
emitted to the environment, with levels being detected in remote areas such as 
Antarctica (due to atmospheric transportation).
Copper can come from smelting as can As, Ni and Co. Local emissions often come 
from electroplating as well as chlorine-alkali plants and these can also contain Zn, 
Cu, As, Hg Cr and Cd. The first copper works in the area were established in St
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Helens in the 1850s (Rees, 2007). The industry declined in the mid 1920s but 
showed a revival during WWII and the 1950s (Harland et al., 2000). Since then, 
however, it has declined. An increase in Cu could indicate industrial use - e.g. in 
piping, treated lumber (Cu sulphate can be used as a fungicide and antibacterial 
agent) (Velde et al, 2003).
Arsenic contamination in the Mersey is probably related to historical copper smelting 
using imported Cu from South America containing arsenopyrite. Pollution levels 
should have fallen to near background levels by now, as the historic source is no 
longer in use and any found is likely to be the result of disturbance of contaminated 
sediment. Arsenic has also entered the estuary from the glass production industry 
based at St Helens (Rees, 2007). Cu has also been used in the past to control plant 
pathogens. Zinc was used for galvanising, and motor vehicle paint. Its use declined 
from the 1950s (Fox et al, 1999).
Turner (2000) showed significant Cr contamination in Mersey sediments but only 
moderate Cu pollution. Lower salinities favour the release of sediment bound Cr to 
the water column (Abu-Saba and Flegal, 1995; Coomber et al, 1995). Hursthouse et 
al (2003) found that there was a significant relationship between Fe (and therefore 
Fe sulphides controlled by redox reactions) and Cr within the sediment. They also 
found a link with Mn and organic matter, though neither of these were as important 
to Cr levels within the sediment as Fe.
Nickel can be released from paperworks, sewage treatment works and power 
stations. Metal inputs can be enhanced by local mining activities (Valette-Silver, 
1993). One of the major sources to the Mersey was from a manufacturer of the 
catalyst Raney Ni, Production of this was ceased in 1989 and replace by Ni oxide 
manufacture until 1998. In recent year’s a small amount of Ni enters the Mersey from 
its use as a hydrogenation catalyst during the manufacture of edible oils (Martino et 
al, 2004)
Other sources of metals include airborne particulates from factory chimneys, 
incinerators and the burning of fossil fuels. Hg has entered from the Chlor-alkali 
industry at Runcorn and Ellesmere Port (Airey and Jones 1982, Campbell et al.
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1986) and from domestic waste and other parts of the Mersey chemical industiy 
(Craig and Morton, 1976).
Mining has taken place locally (Knowsley and St Helens) since the 17th century 
(Rees, 2007) and that has included the extraction of lead sulphide and zinc sulphide.
A number of other industries can be found in the area including oil refineries and car 
manufacturing plants (Hardie, 1950). Currently, there are over 200 chemical 
producing and using companies located in the area that are licensed to release waste 
to the local environment including heavy metals, PCBs, PAHs and a wide variety of 
other compounds.
3.6. Chapter Summary
Due to its location, morphology and the industrial history of the region (particularly 
regarding the chemical industry), the Mersey estuary was once one of the most 
polluted estuaries in Europe. The majority of sediment enters the estuary from the 
Irish Sea but there is also an amount that comes from upstream sources via the river 
Mersey. The supply of sediment to the estuary is influenced by a number of factors 
including; sea-level change, tidal regime, storm surges, grain size distribution, 
anthropogenic factors such as dredging, port development, land reclamation and 
development and coastal defence construction. The majority of freshwater comes 
from the river Mersey, the Manchester Ship Canal and the river Weaver. The 
sediment supply to isolated lakes (e.g. Speke Hall) comes from either windblown 
deposition or overland runoff.
The Mersey Basin has a number of habits associated with it (including mudflats, 
sand dunes, saltmarshes, cliffs, lowland heath, grassland, arable land, woodland, 
freshwater and saline wetlands, lakes and ponds). A number of factors, both 
historical and current influence the environmental quality of the estuary and lakes 
including dredging (e.g. to keep shipping channels open), fishing, recreational usage, 
effluent disposal and reclamation of land. The majority of land use is arable but there 
are a number of significant urban and industrial areas within the region including 
Liverpool, St Helens, Warrington, Wigan, Halton, Birkenhead and Ellesmere Port.
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The increasing importance of the Mersey for trade purposes and an increase in the 
Liverpool population in the 15th Century led to the increase in industry in the region 
and an associated increase in pollution input to the sediment. The industrial history 
of the region includes chemical industries, shipbuilding, glass making, textiles (and 
associated bleaching and dyeing), oil and gas and mining, all of which have 
influenced the pollutant history of the area. More recently there has been an increase 
in the recreational use of the area and an associated pressure to clean up the region 
(the Mersey Basin Campaign). Pollution input has been dropping in recent years due 
to improvements in technology and stricter discharge regulations.
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CHAPTER 4
MATERIALS AND METHODS
4.1 Site Description and sample collection
Sediment cores were collected from two sites in south Merseyside (Figure 5). The 
sites were chosen in an attempt to identify the primary pollutant pathways and to 
compare the relative contribution of different sources of pollution to the area. The 
major source of pollution input to the lake core was most likely be from atmospheric 
deposition, whilst that measured in the saltmarsh core was likely to be more of a 
combination of aquatic and atmospheric pollution.
Figure 5: Oglet Bay (red circle) and Speke Hall Lake (blue circle).
4.1.1 Sample Site 1: Oglet Bay
The Mersey Estuary has a large intertidal area consisting of mud and sand flats 
adjacent to areas of saltmarsh (Blott et al., 2006). One of these saltmarsh areas is 
located at Oglet Bay (Figure 5 and 6) on the north bank of the Inner Mersey estuary 
at the estuary’s widest point (5km wide). Fairhurst and Buxton (1982) described it as 
a narrow band of saltmarsh approximately 100m wide. Oglet Bay is a well defined, 
dynamic saltmarsh that is in a constant state of flux, with some areas subject to
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erosion and others subject to deposition. A relocation of the low water channel in 
recent years has resulted in marked retreat of the saltmarsh through block and gully 
erosion. Due to its proximity to the industrial area of Liverpool, it is the end point for 
a variety of industrial pollutants, both from atmospheric and aquatic sources, which 
makes it a good site for investigation of historical pollutant releases in the Liverpool 
area.
Figure 6: Oglet Bay sampling site (Red circle - Upper Marsh Core. Yellow circle = Channel Core).
Three sediment cores were taken from Oglet Bay (Figure 6) in November 2001. Two 
of the cores were consecutive (depth-wise) from high on the saltmarsh (red circle) 
(Upper Marsh Core - total depth sampled = 67cm) while one was from lower down 
near the river channel (yellow circle) (Channel Core - depth sampled = 36cm). The 
cores were taken by manually driving 50cm long plastic tubes into the sediment and 
then digging them out. Once back in the laboratory the sediment was extruded from 
the tube and sliced into 1cm sections. These sections were subdivided into two 
separate samples; one placed into a foil covered petri dish (for organic pollutant 
analysis) and the other into plastic sample bags (for metal analysis).
4.1.2 Sample Site 2: Speke Hall Lake
Records of a residence on the site of Speke Hall go back to the Doomsday Survey of 
1086 (Millington, 1947; Tibbies, 1983). There have been a number of houses on the
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site including a timber framed house and a sandstone manor which was replaced by 
the start of the existing house in 1490 (Millington, 1947; Tibbies, 1983). The Lake 
(Figure 7), also known as ‘Speke Dam’ was said to have been the water supply for 
the hall before mains water was installed (Whatmore, 1990). Speke Airport was built 
close to the Hall, starting in 1930 and was officially opened in 1933. The lake is 
man-made, over 300 years old and located in South Merseyside approximately 11km 
from Liverpool City Centre. It is close to a number of major industrial sites including 
chemical, pharmaceutical and manufacturing industries, John Lennon airport and the 
Ford car production facility. The lake is self contained and surrounded by woodland, 
with no fluvial input or output at the present time, therefore the majority of 
contributions to the sediment are from atmospheric sources and the surrounding 
vegetation. The lake has a surface area of 4050m2 and a maximum depth of 
approximately 4m. It is used for fishing by a local angling club and, occasionally, the 
surface is dragged to remove lilies (Ian Ford, Estate Warden, Speke Hall, pers. 
comm.).
One sediment core was taken in December 2005 from a boat in the middle of the lake 
(i.e. deepest part = yellow circle) at Speke Hall using a gravity sediment corer 
(Boyle, 1995). The water was approximately 4m deep. The core was extruded into
66
1cm sections in the field and placed into labelled, pre-cleaned glass jars. These jars 
had been pre-cleaned and ashed for 12 hours at 400°C.
4.2 Initial Sample Preparation and Storage
On return to the laboratory, all cores were frozen (to limit degradation of organic 
compounds in the sediment), stored in the dark and freeze dried as soon as was 
practical. Wet storage of sediment is acceptable for short term storage, as long as the 
samples are frozen and kept in the dark and further processing occurs as soon as is 
possible (Thomson et al, 1980).
Of the wide variety of methods available for sample preservation, freeze drying is 
acknowledged to be the one that best preserves the sediment. Unlike oven drying it 
limits the chances of the formation of aggregates (Loring and Rantala, 1992) and 
prevents any thermal transformation of the chemical and magnetic properties of the 
samples. It also limits microbial activity (Bartlett and James, 1980).
Air* and oven drying are acceptable methods of sample preservation if total metal 
concentrations are the only parameters to be analysed but, as the interest was in 
studying the magnetic parameters and organic pollutant contamination of the 
sediment, freeze drying was the best method to use. It has been shown that organic 
matter and Mn(U) solubility and exchangeability increase after air drying, which leads 
to an increase in the release of Mn and other organic bound trace elements (Bartlett 
and James, 1980). Freeze drying is not a recommended method of preservation if 
metal speciation is to be investigated (Hjorth, 2004).
4.3 Inorganic Analysis
4.3.1 Environmental Magnetism
This is the process of using magnetic measurement techniques (such as those 
developed for palaeomagnetic studies) to describe a variety of environmental 
processes. One of the main advantages of measuring the magnetic properties of 
samples is that it is a relatively quick process when compared to traditional
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geochemical methods. Another advantage is that the sample is not destroyed by the 
magnetic analysis and can be reused if more complex geochemistry is required. 
Susceptibility can also be measured in the field using portable equipment.
The motion of electrons in their orbits governs the magnetic properties of all 
substances to some degree. This is either the orbital movement round the nucleus of 
an atom or the spin of the individual atoms on their own axis. In most cases the 
responses of material to either an applied or measured field are due to the properties 
of crystals within the material, including their size and shape (Thompson and 
Oldfield, 1986).
The various parameters are sensitive to chemical and thermal effects, can be used to 
identify the origin and type of mineral, to investigate the background magnetic field 
when the sediment was deposited, the rock cooled or the crystals were being formed 
(Thompson and Oldfield, 1986).
Mineral magnetism can be divided into five categories depending on the behaviour 
of the mineral in a magnetic field.
1. Diamagnetism
Is an extremely weak property and is often masked by stronger magnetic types. It is 
recorded as a negative magnetisation and produced by the orbital motion of the 
electrons and their reaction to an applied magnetic field (Thompson and Oldfield, 
1986). In diamagnetic materials (quartz, water, feldspar) the spin motion of the 
electrons is not a factor in their overall charge as the electrons are all paired and their 
spin motions cancel out. The magnetisation is also not affected by temperature 
(Thompson and Oldfield, 1986).
2. Paramagnetism.
This is due to the possession of a permanent magnetic dipole moment by the atoms, 
ions or molecules. The applied field causes the electrons’ spin moments to orientate 
with the direction of the field. These produce a positive weak magnetisation as the 
dipoles align themselves parallel with the applied field. Paramagnetism is not a 
permanent charge as, once the field is removed, thermal agitation breaks down the
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alignments. However, a balance is reached between the magnetic ordering and the 
thermal agitation processes, meaning that the overall charge is relative to the applied 
charge and the absolute temperature (decreasing as the temperature increases). 
Paramagnetism is dominant over diamagnetism and common paramagnetic 
substances are biotite, olivine, carbonates of iron and manganese, the incompletely 
filled inner electron shells of which are responsible for the spin magnetic moments 
due to unpaired electrons (Thompson and Oldfield, 1986).
3. Ferromagnetism
In materials with ferromagnetic properties, such as iron, the magnetic properties are 
highly dependent on temperature. Each material has a Curie temperature above 
which thermal energy breaks down the magnetic ordering and causes it to behave as 
a paramagnet. Below the Curie point the material has a strong remanent 
magnetisation which exists even without the presence of a magnetic field 
(spontaneous magnetisation). This is due to exchange interactions caused by the 
parallel alignment of all the elementary magnetic moments of neighbouring electrons 
due to the effects of quantum mechanics (Thompson and Oldfield, 1986). The 
strength of these effects allows the alignment of the magnetic moments even with the 
disturbance caused by thermal effects.
4. Antiferromagnetism
In this type of magnetism all the magnetic particles have the same charge but they 
are in opposite directions in neighbouring atoms. This leads to an overall zero 
magnetic charge on the material. If the opposing charges are not perfectly aligned 
then there will be a weak overall magnetism (known as spin canting) (Thompson and 
Oldfield, 1986).
5. Ferrimagnetism
This is similar to antiferromagnetism with opposing charges acting in opposite 
directions. However, unlike antiferromagnetim there is a strong overall charge as the 
magnetism in one direction is higher than in the other.
There are a variety of methods used in the laboratory to measure magnetic properties 
of substances these include:
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Isothermal Remanent Magnetisation (IRM).
This is the magnetisation that is acquired by a sample after being exposed to a 
magnetic field at a given temperature (usually room temperature). The level of 
remanance acquired is dependent on the field applied to the sample and can, 
therefore, be altered by placing the sample in fields of increasing strength 
(Thompson and Oldfield, 1986). Samples are exposed to the field then removed and 
measured to obtain the ‘remanance’ value. This is proportional to the abundance of 
ferromagnetic minerals present in a given grain size and mineralogy (Thompson and 
Oldfield, 1986) and decreases with increasing grain size. The highest Isothermal 
Remanance that can be produced in a sample is called the Satumtion Isothermal 
Remanance Magnetisation (SIRM) and is related to the magnetic grain size (higher 
in small single domain grains - less than 0.1 pm, than in larger multi-domain grains). 
A laboratory induced SIRM may not be the actual SIRM as the equipment being 
used may not be capable of producing this on certain samples e.g. those high in 
haematite (Thompson and Oldfield, 1986).
Anhysteric Remanent Magnetisation (free from hysteresis) (ARM)
Is generated in a sample by the application of a strong alternating field which is 
gradually reduced to zero in the presence of a small direct current field. It is related 
to magnetic grain size (Thompson and Oldfield, 1986).
4.3.1 A Magnetic Parameters
This study uses the following magnetic parameters to investigate the samples being 
analysed. These are all implemented at room temperature due to the chemical 
changes that can be caused to the samples by using high temperate studies.
Susceptibility (x) is a method of measuring how easy it is to magnetise a sample - it 
is measured in small fields (usually less than ImT) and, at this field strength, is found 
to be independent of the strength of the applied field and is related to magnetite 
concentration. When magnetite is present in small amounts then % is weak and can be 
influence by diamagnetic and paramagnetic substances (Thompson and Oldfield, 
1986). It is proportional to the amount of ferrimagnetic minerals present (iron oxides)
70
as well as paramagnetic minerals such as iron bearing silicates (Georgeaurd et al, 
1997). Susceptibility is reduced by the presence of diamagnetic substances. It is a 
very useful technique to use as an initial indicator of the magnetic potential of a site. 
X is measured using two frequencies to obtain low frequency (xlf) and high frequency 
(%hf) values. It has also been shown to be related to magnetic grain size (Maher, 
1988b).
SIRM gives an approximate concentration of the total remanance carrying minerals 
in a sample and can be affected by magnetic grain size (Maher, 1988b).
The FD% is the difference between low field and high field susceptibility (xlf-xhf) 
expressed as a percentage of xlf It is useful in detecting the presences of viscous 
ferrimagnetic grains with stable single domain / superparamagnetic (SP) boundaries 
(Oldfield, 1991). It is dependent on very small grained particles (fines) so can be 
used to indicate the grain sizes present. If it is lower than 2, it indicates that there are 
virtually no SP grains; 2-10 indicates a mixture of SP, SSD (Stable Single Domain) 
and MD (MultiDomain) grains; 10-14 indicates that the sample contains virtually all 
SP grains and results over 14 indicate an error or contamination with metal 
(Muxworthy, 2001).
Susceptibility of ARM (xARM) is influenced by the concentration of magnetic 
minerals but can also indicate the presence of fine grained SSD magnetites (around 
0.03-0.05um diameter. SSD possess high values of xARM (Maher, 1988).
Soft (Low field Isothermal Remanance) shows percentage of magnetite (remanance 
bearing ferrimagnets) type grains (Dearing el al, 1997).
Hard (High field Isothermal Remanance) shows percentage of Haematite and 
Goethite in a sample (Yang, 1997).
XARM/SIRM has been used as a proxy for grain size (Thompson and Oldfield, 1986; 
Maher, 1988) and an increase in this ratio can suggest a decrease in grain size if the 
dominant mineral is magnetite. xARM/SIRM is an indicator of the mean magnetic 
grain size with higher values indicating more SSD grains (Yang, 1997).
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SIRM/xJf varies inversely with magnetic grain size or, in the case of a low ratio it 
indicates the presence of paramagnetic minerals (Maher, 1988).
xARM/^lf varies inversely with magnetic grain size.
HIRM (Hard IRM) is related to the proportion of haematite and goethite in the 
sample (Dearing et al, 1997).
Increases in y\.f, %ARM and SIRM can indicate higher levels of concentration of 
magnetic minerals (it should be noted that these parameters are also grain size 
dependent). High concentrations of non-SP coarse minerals can be due to the 
underlying geological deposits weathering (Hay et al, 1997).
High values of %lf and %FD indicate presence of SP grains (Foster et ah, 1994; 
Dearing et al, 1996). A decline in %lf and xARM indicate declining ferromagnetic 
grains. The ratio of xlf to HIRM might be low if goethite and lepidocrocite are 
precipitated in preference to magnetite (Dearing et al, 2001).
Higher SIRM, xARM and Soft values indicate more magnetite in samples. Higher 
Hai*d indicates more imperfect antiferromagnetic minerals such as goethite and 
Haematite. Oldfield (1994) and Van der Post et al. (1997) have shown that SSD and 
SP magnetic particles are concentrated in the clay particle size range (therefore high 
values of indicators of these would indicate high concentration of clay particles in the 
sediment) (Oldfield and Wu, 2000).
4.3.1.2 Magnetic analysis
Samples for analysis of environmental magnetism were wrapped in cling film and 
placed in 10ml plastic pots (Alzon BGG440P Specimen jar, Barloworld Scientific 
Ltd), The pots and cling film had been preweighed and each was reweighed once the 
sediment sample had been packed inside.
Low frequency and high frequency susceptibility (0.4 kHz and 4.7 kHz respectively) 
measurements were made on each core sample using a dual frequency Bartington 
Magnetic Susceptibility Meter. The Bartington Magnetic Susceptibility Meter was 
calibrated before each set of samples were analysed.
72
Anhysteric remanent magnetisation was generated using a Molspin AF demagnetize!' 
and measured using a minispin slow speed spinner Fluxgate magnetometer.
Isothermal remanent magnetisation and related parameters were generated using a 
Molspin Pulse Magnetiser and measured using the fluxgate magnetometer. Fields 
measured were IT (SIRM) and reverse fields ~20mT and -300mT.
4.3.2 Metal Analysis 
4.3.2,1 X-Ray Fluorescence
Sediment samples were analysed using X-Ray Fluorescence (XRF) to identify the 
elements present in each sample. XRF has been used by many workers (Plater et ah, 
1998; Boyle, 2000, Grayson and Plater, 2008) for metal analysis as it is a relatively 
cheap and easy method of obtaining data on the elements present. Rathburn et al 
(1996) showed that XRF gave good correlation with metal analysis done by atomic 
absorption spectrometry.
The Oglet Bay sediments were analysed using an isotope source system. 
Disaggregated sediment (~0.5g) was packed into polythene containers with a tightly 
fitting sleeve and a Polypropylene film was stretched across the base of the 
container. The Speke Hall, sediments were packed into plastic holders (as above) and 
then analysed by a Braker Axis S2 Ranger XRF and the data processed to account for 
LOI using the software Spectra EDX.
There are problems associated with the use of XRF for metal analysis, as it is not 
sensitive enough to detect low levels of certain metals (Cd, Se), light elements such 
as Li cannot be analysed and neither can volatiles such as Hg (Ridgeway and 
Shimmield, 2002).
For both machines, standard reference materials were used to check the accuracy of 
the XRF (Buffalo River Sediment, San Joaquin Sediment, Pond Sediment and 
Stream Sediment).
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43.2.2 Flame Atomic Absorption Spectrometry (FAAS)
As they could not be detected using XRF, Cadmium and Mercury were analysed by 
FAAS, (Thermo Electron Corporation S Series AA Spectrometer). This is a common 
technique for identification of both these metals (Boyle, 2001).
Cd analysis.
Cadmium levels were recorded using an air/acetylene flame with a Slotted Tube 
Atom Trap and autosampler giving accuracy to 0.004mg/L.
Hg analysis
Mercury concentration was assessed using an air/acetylene flame and a cold vapour 
sample injection method.
Sample Preparation
A nitric acid digest was used to extract the metal for analysis.
0.25g of sediment and standards were accurately weighed into acid washed 
centrifuge tube. Concentrated nitric acid (2mL) was added to each centrifuge tube. 
The tubes were placed in a water bath at 90°C for 1 hour-, then removed and allowed 
to cool. Double distilled water (12mL) was added to each centrifuge tube and the 
tubes placed on a flat bed shaker overnight. The following day, the settled sediment 
was resuspended in the tubes which were then centrifuged at 1200rpm for 20 
minutes. The supernatant was decanted off into AA tubes and placed in the fridge 
until needed for analysis.
4.3.4 Particle Size Analysis
Many metals and organic pollutants preferentially adsorb to the finer grained 
sediments (Olsen et al, 1982). Grain size analysis was carried out to try to eliminate 
the chance that any high pollutant concentrations recorded were due to high 
concentrations on fine grained sediment particles rather than a pollution input. 
Particle size analysis was done to identify the range of grain sizes present in the 
samples so that correlations could be undertaken to identify which (if any) 
parameters had apparent grain size controls on their behaviour’.
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Grain Size phi Grain Size nun/pm Descriptive Terminology
-11 2048mm Very large
-10 1024 Large
-9 512 Medium y Boulders
-8 256 Small
-7 128 Very small j
-6 64 Very coarse
■\
-5 32 Coarse
-4 16 Medium >
Gravel
-3 8 Fine
-2 4 Very fine J
-1 2 Very Coarse
•N
0 1 Coarse
1 500pm Medium > Sand
2 250 Fine
3 125 Very fine >
4 63 Very coarse
■>
5 31 Coarse
6 16 Medium
> Silt
7 8 Fine
8 4 Very fine
9 2 Clay
Table 1: Particle Size Class Definitions (taken from Blott and Pye, 2001).
Analysis was carried out using a Coulter Laser Granulometer. A small amount ol 
each sample was placed on a watch glass with Calgon to disaggregate it and then 
washed through the machine. The results were computed using the computer 
program ‘Gradistat’ (Blott and Pye, 2001) and presented using the Folk and Ward 
(1957) method and particle size classification (Table 1) was taken from Blott and Pye 
(2001).
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Results were presented as particle size distribution, mean grain size, skewness (the 
preferential spread of distribution to one side of the average), kurtosis (the degree of 
grain concentration relative to the average), the amount of sorting and the percentage 
of sand and mud in the sample (Blott and Pye, 2001). The ‘% Sand’ grain size 
fraction refers to grain sizes above 63 pm whilst the ‘% Mud’ fraction is particles 
under 63 pm.
4.4. Organic Geochemistry
4.4.1 PCB and PAH Sediment Extraction Methodology
PCBs and PAHs adsorb strongly to sediment and so to analyse their environmental 
concentrations they need to be released from the sediment for quantification by gas 
chromatography. In this study an ultrasonic method was used to extract PCBs and 
PAHs from the sediment samples for analysis by Gas Chromatography - Electron 
Capture Detection (GC-ECD) and Gas Chromatography- Mass Spectrometry (GS- 
MS) respectively. Ultrasonic extraction has been shown by many authors to be a 
good method of extracting PCBs and PAHs from soils and sediment. It has the 
advantage over Soxhlet extraction of being quicker and cheaper, using fewer 
solvents, (Aydin, 2007) and giving recovery rates of between 60% and 80% (Song et 
ah, 2002; Banjeroo 2005a and 2005b; Ratola et al, 2006; Barco-Bonilla et al, 2009).
Samples (~5g) were weighed into clean centrifuge tubes and internal standards 
(deuterated D10 anthracene and octochloronaphthalene) were added and the sample 
covered with a 1:1 hexane:acetone solvent mix. The centrifuge tubes were placed in 
an ultrasonic bath (Sonicor Instrument Corporation) for 30 minutes, removed and 
centrifuged using a Jouan MR237 centrifuge, at 2500 rpm for 5 minutes at 18°C. The 
supernatant was then pipetted into a pear shaped flask containing spongy copper (to 
remove any elemental sulphur) and the centrifuge tube was topped up with solvent 
again to repeat the extraction process (x3 total). Once this was complete, the solvent 
was evaporated off under nitrogen, the flasks sealed with PTFE tape and left in the 
freezer overnight to allow as much of the sulphur as possible to react with the spongy 
copper. The following day, each sample was redissolved in hexane:acetone (1:1) and 
rinsed through a pipette packed with extracted cotton wool to remove the spongy
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copper. The solvent was evaporated off under nitrogen and the sample redissolved in 
a small amount of solvent and rinsed through an alumina packed glass column.
Sulphur has to be removed because it interferes with mass spectrometry by giving 
erroneous results with molecular weight distribution (Blumer, 1957) and the alumina 
and silicalite columns are used to remove n-alkanes which can interfere with PCB 
analysis. It should be noted that lower branched n-alkanes (< C16) can pass through 
the silicalite clean up (Thompson et al, 1998), however, enough of higher molecular 
weight ones are removed to leave the samples clean enough to give good results with 
GC-ECD.
The alumina was heated to 800°C for 4 hours and left overnight at 200°C, allowed to 
cool and deactivated (5%) by adding milli-Q water to it and shaking it for 30 
minutes. 9.5g of alumina was 5% deactivated by mixing with 0.5g of MilliQ water. 
The first 2mL of the sample was eluted through the alumina column using pesticide 
grade hexane and collected for PCB analysis and the next lOmL rinsed through using 
dichloromethane:hexane (1:1) and collected for PAH analysis. The solvent was 
evaporated under nitrogen and they were stored in small vials with activated copper 
turnings (to remove any remaining sulphur) in the freezer prior to analysis.
The samples for PCB analyses underwent further clean up using silicalite. A clean 
pipette was packed with extracted cotton wool and filled with silicalite that had been 
heated to 550°C for 4 hours and left overnight at 200°C,
This method has been used successfully in the past to clean up samples that are from 
areas with high levels of pollution, particularly hydrocarbons (Thompson et ah, 
1998). The n-alkanes sorb to the silicalite whilst the PCBs are not retained. 
Thompson et al (1998) have shown that very few (if any) of the PCBs present in a 
sample are trapped on the silicalite column.
4.4.2 PCB and PAH Concentration Analysis
Samples were then analysed for PCB content using GC-ECD and PAHs using GC- 
MS. Samples were analysed in random order to avoid systematic errors.
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The PCB congeners that were determined were: The trichlorobiphenyls 18, 28; the 
tetrachlorobiphenyls 44, 47, 49, 52, 66; the pentachlorobiphenyls 101, 105 118; the 
hexachlorobiphenyls 128, 138, 141, 151, 153, 156, the heptachlorobiphenyls 170, 
183, 180 and the octochlorobiphenyl 194. The PCBs were identified using retention 
times. It should be noted that the assumption was made that each peak in the 
chromatograph was produced by a single congener and those co-eluting could not be 
separated, so it is possible that concentrations of these have been overestimated. For 
example, PCB 66 co-elutes with 95, 138 co-elutes with 160 and 170 co-elutes 190.
The following PAHs were determined: acenaphthene, fluorene, phenanthrene, 
anthracene, fluoranthene, pyrene, chrysene, benzo [a] anthracene,
benzo[b]fluoranthene, benzo [k] fluoranthene, benzo[a]pyrene, indeno[l,2,3- 
cd]pyrene, benzo[ghijperylene, dibenz[a,h]anthracene. These PAHs were chosen 
because they are amongst the most toxic, have the highest concentrations in the 
enviromnent and are those to which the population is more likely to be exposed.
Commercially available PCB standards and PAH standards were run at intervals to 
assess relative retention times of PCBs and PAHs. Each of these standards was 
chosen to include all the PCBs and PAHs mentioned above and to cover some of the 
more toxic congeners.
4.4.ZJ GC-MS
GC-MS analyses were performed using a Trace GC fitted with an on-column 
injector. The gas chromatography oven temperature was programmed as follows: 50 
°C isothermal for 1 min, 5° C/min to 300 °C; isothermal at 300 °C for 5min; 
10°C/min to 315 °C, and 5min at 315 °C. The sample was directly injected onto a 
fused silica capillary column (25m, 0.2mm id., 0.25pm film thickness, BPX-5) with 
a deactivated retention gap which was introduced directly into the chemical 
ionisation source of a Thermo-Quest TSQ-7000 mass spectrometer. Helium was used 
a carrier gas and methane (source pressure ca 5600mT) (for the PCB determination) 
as reagent gas for negative ion chemical ionization (NICI). Typical operating 
conditions were: electron voltage, 200eV; emission current, 300pA, multiplier, 
1240V; source temperature 170 °C. The syringe was rinsed 30 times with hexane 
between injections to limit cross-contamination between samples and standards.
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PAHs were identified from their full scan spectra when possible, and by comparison 
of their relative retention times with those of the authentic standards. Five standard 
mixtures (between 0.25 and 5ng/pl) of individual PAHs were used for calibration 
purposes and for the determination of relative response factors. A daily three-point 
calibration was used to compensate for minor variations in source conditions. 
Canadian marine sediment HS-2 was used for quality control. A full procedural 
blank extract was also analysed. Xcalibur software (Version 1.0) was used to acquire 
and process the data. GC-MS is a standard method that has been used by many 
authors for identifying PAHs in sediment (Davies and Wolff, 1990; Liu, 1999; Liu, 
etal, 2000; Gocht et ah, 2001; Yang et ah, 2008).
To test reproducibility a number of samples were run in triplicate and used to 
estimate the variability of the samples.
4.4.2.2 GC-ECD
GC-ECD analysis was performed using an Agilent 6890N GC with an electron 
capture detector. The gas chromatography oven temperature was programmed as 
follows: 50°C isothermal for 1 min, 8°C/min to 200 °C; isothermal at 200°C for 
4min; 10°C/min to 315°C, and 15min at 315°C. The GC was fitted with a fused silica 
capillary column (25m, 0.2mm id., 0.25|im film thickness, BPX-5) and IpL of 
sample was injected via a heated injector (320°C) in splitless mode. Helium was used 
a earner gas.
PCBs were identified by comparison of their relative retention times with those of 
the authentic standards. Five standard mixtures (between 0.0125 and 0.2ng/pl) of 
individual PCBs were used for calibration purposes and for the determination of 
relative response factors. A daily calibration was used to compensate for minor 
variations in source conditions. Canadian marine sediment HS-2 was used for quality 
control. A full procedural blank extract was also analysed. Chemstations software 
was used to acquire and process the data.
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4.5 Pre- and Post-Extraction Metal Comparison
A comparison was run between Speke Hall samples that had been extracted for PCB 
and PAH analysis and those that hadn’t been extracted. This was done to investigate 
differences in sediment metal concentrations between samples that had been 
subjected to an organic solvent extraction and those that hadn’t. Subsamples of 
extracted and non-extracted 1cm core section were analysed by XRF and FAAS in 
the same way as for the other samples. The data were analysed using a paired sample 
T-test and a Wilcoxon Matched Pair test to determine any significant difference 
between the metal levels in each group.
4.6 Organic Matter Analysis
4.6.1 Loss on Ignition (LOI)
Loss on ignition (a common method to measure organic content of samples without 
removing structural water from inorganic components) was also recorded for the 
samples (Ball, 1964). Approximately 0.5g of freeze dried sediment was placed into 
preweighed glass beakers and oven dried overnight at 105°C. The beakers where 
then cooled and reweighed before being heated to 450°C for 4 hours and then 
reweighed. Loss On Ignition was calculated for each sample using a preformatted 
spreadsheet calculation.
4.6.2 Total Organic Carbon and Nitrogen.
The sediment samples were analysed for Total Organic Carbon (TOC) and Nitrogen 
concentrations using a Carbo Erba NC 2500 CHN Elemental Analyser. Samples 
were analysed in triplicate with a reproducibility of <±10%. Following de- 
carbonation TOC was determined by the acid vapour method developed by 
Yamamuro and Kayanne (1995).
4.7 Wind Data
Wind data were obtained from the British Atmospheric Data Centre (BADC). It was 
processed using the software WINDROSE PRO, Version 2.3.11 (Enviroware.com) 
which allowed the creation of Wind Roses showing mean wind direction and mean
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wind speed for each of two locations. The mean hourly prevailing wind speeds and 
direction were plotting for a site at Speke and a site near Manchester airport. The 
Speke data encompasses the period 1969 to 1998, whilst the Manchester data was for 
1949 to 1995.
4.8 Statistical Analysis
Statistical analysis was carried out using the program SPSS 16 and Primer-E 6
4.8.1 Matched Pair T-test and Wilcoxon Test
The experiment to test whether the extraction process for PCB and PAHs made a 
significance difference to the metal levels detected in the sediment by XRF and AA 
was tested using a Matched Pah Student’s T-Test and a Wilcoxon test. Both these 
tests measure whether or not there is any difference between 2 sets of data (in this 
case the extracted and unextracted sediment) and whether any measured difference is 
significant.
4.8.2 Correlation Coefficients
Pearson Product Moment Correlation coefficients were run for the metal, PCB, PAH, 
Magnetics and Grain size data to investigate whether there was a relationship 
between any of the parameters. For example, did a change in one parameter relate to 
a change in another parameter and, if there was a relationship shown, was it a 
significant relationship or did it occur by chance.
It should be remembered that a ‘significant’ correlation is not necessarily proof of a 
causative relationship between the data (Lewis mid Trail, 1999) and to allow for this 
correlations were taken to be strongly significant if they were over 0.7, i.e. 49% or 
more of the variance could be explained by the correlation rather than by 
coincidence. However, weaker correlations (mider 0.7) that have been highlighted by 
SPSS as showing a significant relationship within the data have also been discussed. 
SPSS gives the correlations at both the 0.01 and 0.05 levels of significance. Those 
parameters that showed a relationship at the 0.01 level could be considered as 
strongly significant, as a chance relationship between the data would only occur 1% 
of the time, whilst those at the 0.05 level were less significant, as a chance
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relationship could occur in these cases 5% of the time. Both strong (above 0.7) and 
weak (below 0.7) negative and positive correlations have been considered in the 
results, as even weak correlations suggest a relationship between the data which 
could have been reduced by the complexity of interaction in the environment.
A positive correlation is one where as one set of data being compared increases so 
does the other one and a negative correlation occurs when the values in one data set 
decrease as the values of the comparison set increase (Lewis and Trail, 1999).
4.8.3 Principal Component Analysis
In an attempt to identify which of the parameters analysed were of the greatest 
importance. Principal Component Analysis (PCA) was undertaken using the 
computer programme ‘Primer-E6\ Data was normalised using the function in the 
program and then to correct for skewed data either a square root or fourth root 
correction was applied followed by PCA. The data was analysed using a scatter plot 
Eigenvalues and Eigenvectors.
4.8.4 Statistical Analysis of the Health Data
The methods used to plot Hotspot clustering of the health data and to compare the 
health data with the historical pollution data are discussed in Appendix Two.
4.9 Pollutant/Element Concentration Guidelines
As a method of assessing whether or not an element was present in unnaturally high 
concentrations. Average Shale Values (ASV) (Turekian and Wedepohl, 1961) were 
used (Table 2).
Average Shale Values (ASV) were used to give an indication of which metals where 
present in enriched amounts. In general ASV give an idea of the natural background 
concentrations of elements that should be found in sediments, i.e. those that come 
from geological sources. Average Shale is a convenient method of identifying ‘above 
background’ levels of metal that could be due to pollution input. It has been used by 
a number of authors (Forstner 1993, Grousset e/ ah, 1995; Turner 2000) as part of 
studies investigating metal concentrations in the environment. It was used in this
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study because it more closely matches the background metal concentrations found in 
the more fine grained sediment present in the Mersey estuary, whereas another 
measure of metal concentrations ‘Upper Crustal Values’ (Turekian and Wedepohl, 
1961; Taylor and McClennan, 1995) gives better results for a wider range of grain 
sizes. In an ideal situation, the best method would be to get background levels from 
uncontaminated catchment samples (soils and river sediments) drawn from a wider 
area in the region or take a core deep enough to sample from a pre-pollution era. 
There are other methods of assessing metal contamination levels in a location. Some 
authors (Hutchinson and Rothwell, 2008) use Sediment Quality Guidelines (CCME 
2002), Soil Guideline Values (DEFRA 2002) Soil Intervention Levels (NEPC 1999) 
or even Pollution Load Index (Tomlinson et ah, 1980; Harikumar et al., 2009). 
Sediment Quality Guidelines and Soil Guideline Values for selected metals have 
been used in Chapter 11 of this study to assess pollution between the cores.
Average Shale Values for the metals analysed
SI mg/g Ti mg/g Camg/g K mg/g Femg/g Mn mg/g
273 4.6 22.1 26.6 47.2 0.85
S mg/g Cl mg/g Pb gg/g Zn gg/g Br gg/g Zr gg/g
2.4 0.18 20 95 4 160
Rb gg/g Sr gg/g Cr gg/g Ni gg/g Cd gg/g Hg gg/g
140 300 90 68 0.3 0.4
Almg/g P gg/g As gg/g Bagg/g V gg/g CUub/r
80 700 13 580 130 45
Table 2: Average Shale Values.
However, as ASV are an ‘average’ value, they do not take into consideration any 
variation caused by local geology. This can be seen from the results that show certain 
elements as having concentrations lower than the ASV, e.g. Si, Ti and K, with Fe 
being significantly under these values. It is likely that the reason these are so low is 
due to the influence of the regional geology. On the other hand, those elements that 
are found in significantly higher concentmtions than the ASV (Pb and Zn), are often 
(but not always) likely to be present due to the influence of man and pollution inputs. 
Chlorine and Br levels are also significantly higher than the Average Shale Values 
and this could be due to the influence of Cl and Br ions from seawater or possibly 
due to pollution from the chloride industry on the Mersey. Sr can be released from 
Zn refining which could explain the weak positive correlation with Zn
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4.10 Disease Incidence Data
Disease Incidence data for the region is included in Appendix 2. Disease Incidence is 
the number of new cases diagnosed in a defined population over a defined period of 
tune. Disease data were obtained in a number of varying formats as outlined below.
SMR: Standardised Mortality Ratio
SMR is a method of calculating whether or not mortality from a disease is above or 
below what would be expected in an area. It is calculated by dividing the number of 
observed deaths from a disease by the number expected in the area and multiplying 
the answer by 100.
SAR: Standardised Admission Ratio
SAR is a similar ratio obtained by dividing the number of actual hospital admissions 
for a disease by the number expected for the area.
DSR: (Directly Age Standardised Rates)
DSR is calculated by taking the age specific rates and applying them to the age 
distribution of a hypothetical population, in this case the ‘Standard European 
Population’ and expressed as a rate per 100,000 people.
Age Standardisation of data is a method used to allow comparisons between 
populations with different age distributions, either in different areas or in one area 
over a period of time. They are calculated from a weighted average of age specific 
rates, (for example, the age specific rate for each 5 year age group) and then 
compared with the European Standard Population. Crude rates are obtained by 
dividing the number of cases or deaths by the population at risk.
4.10.1 Renal Disease and Heart Disease Data
Renal disease data and heart disease data were provided by Dr Alex Stewart from the 
Health Protection Agency and were obtained from hospital admissions, diagnosis 
data and mortality data. The data was provided as census area Lower Super Output 
Area data and included actual disease occurrence data and Standardised Mortality 
Ratio (SMR) data (for Renal Disease) and actual occurrence and Standardised
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Admission Ratio (SAR) data for heart disease. Renal disease data for Warrington, 
(2003-2005, all ages, renal disease not secondary to other causes) includes: acute 
nephritic syndrome; rapidly progressive nephritic syndrome; recurrent and persistent 
haematuria; chronic nephritic syndrome; nephrotic syndrome; unspecific nephritic 
syndrome; isolated proteinuria with specified morphological lesion; acute tubulo 
interstitial nephritis; other chronic tubulo interstitial nephritis; chronic tubulo 
interstital nephritis, unspecified; other specified renal tubulo interstitial diseases; 
chronic renal failure; unspecified renal failure; unspecified contracted kidney; 
malignant neoplasm of kidney.
The Heart Disease data for Liverpool, (2003-2005, under 75 year olds) includes the 
following causes: angina pectoris; acute myocardial infarction; subsequent 
myocardial infarction; current complications after MI; other acute ischaemic heart 
disease; chronic ischaemic heart disease.
Using the computer programme ArcView, this data was plotted on a map of the 
region to show local distribution.
4.10.2 Cancer Data
The cancer data was obtained from the National Cancer Intelligence Network from 
their online publication National Cancer E-Atlas: 
http://www.ncin.org.uk/index_files/eatlas.htm
The data are a record of each new cancer case diagnosed. It does not contain 
secondary cancers and reoccurrences and are reported for the calendar year it was 
diagnosed in using Direct Age Standardised Rates.
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CHAPTER 5
OGLET BAY UPPER MARSH CORE RESULTS
The following chapter is a description of the results from the sediment core taken 
from the upper marsh location on the Oglet Bay saltmarsh. It shows the downcore 
profiles of particle size, magnetic properties, metal concentration, PCB and PAH 
distribution and also provides a description of the statistical analysis carried out on 
the data (i.e. correlation coefficients and Principal Component Analysis).
5.1 Upper Marsh Core Particle Size Analysis
Particle size data indicated the sediment varied between a bimodal and a polymodal 
distribution: it was poorly sorted and dominated by very coarse silt and coarse silt. 
Using the Folk and Ward (1957) description it was poorly sorted (but showing a 
progressively better sorting downcore), symmetrical in the top part of the core and 
fine skewed towards the bottom, and mesokurtic (Figure 9 a-d). Mean grain size 
shows an overall decrease downcore. The majority of the sediment is mud, but with a 
sand content of around 20% (Figure 8). The relative percentage of sand decreases 
towards the bottom of the core, whilst the percentage of mud increases (Figure 9e).
Sand
Muddy Sand \ Silty Sand
Sand %
Sandy SiltSandy MudSandy Clay
SiltrClay Ratio
Figure 8: Upper Marsh Core Particle Size Distribution.
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Fig 9a: Mean Grain Size jim Fig 9b: Skewness Fig 9c: Kurtosis
Fig 9d: Sorting Fig 9e: % Sand and % Mud
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Figure 9a-e: Upper Marsh Core Particle Size.
5.2 Upper Marsh Core Element Data
A1 (Fig 10b), K (Fig lOe), Ti (Fig 7c) and Rb (Fig lOj) show fairly steady downcore 
trends with a relatively small degree of fluctuation and both are below ASV.
Ca (Fig lOd) values show a decrease in the top part of the core (to 9cm) followed by 
a trend to increase with depth. This is similar to the trend exhibited by Si (Fig 10a), 
particularly below about 40 cm depth. Although the trend is similar, Si is below ASV 
whilst Ca is below ASV in the top part of the core but increases in concentration to 
above ASV from 1 Ocm.
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S (Fig lOf), concentrations show an overall increase with depth to 52cm with two 
large peaks between 24 and 30 cm and 49 and 52 cm. After 52 cm there is a decrease 
in concentration with depth. Apart from in the top 2cm concentrations are above 
ASV.
Fe (Fig lOg) shows an increase in the top part of the core (down to 11cm) and then a 
slight decrease to about 21cm depth followed by a slight increase. It then remains 
fairly consistent until concentrations start to increase again at around 45cm. 
Concentrations are below ASV.
Mn (Fig lOh) values are fairly consistent with depth except for a large peak between 
4 and 10cm depth which is likely to be the location of a strong redox front. Aside 
from this peak, concentrations fluctuate slightly either side of ASV.
Cl (Fig lOi) concentrations show a trend to increase in the top 10 cm but then 
fluctuate considerably to a depth of 60cm, after which they start to decrease. 
Concentrations are well above ASV.
Zr (Fig 10k) concenfrations are above ASV and show an initial decrease in the top 2 
cm they then increase slightly to 35 cm (except for a large peak at 28 cm). They then 
show a gradual decrease to 50cm where values star to increase towards the bottom of 
the core.
Cr (Fig 101), Ni (Fig lOp) and Y (Fig lOt) concentrations fluctuate (both above and 
below ASV) wildly downcore.
Br (Fig 10m) values show an increase from the top of the core to 6cm where there is 
then a gradual decrease in concentration which is similar to the trend for Mn. Values 
are well above ASV.
Cd (Fig lOn) shows an overall downcore increase in concentration and are above 
ASV. It has major peaks at 22cm and 30cm and a large step-wise increase in
concentration at 45cm. Below this depth concentrations remain fairly stable except 
for a peak at 63 cm.
Hg (Fig lOo) shows a downcore increase in concentration, with a large peak at 57cm, 
and is well above ASV.
Both Pb (Fig lOr) and Zn (Fig lOq) show an increase with depth to 60cm when there 
appears to be a slight drop in concentration. There is also a zone of higher 
concentrations at about 30-36 cm. They are well above ASV.
Sr (Fig 10s) concentrations show a decrease to 6cm followed by an increase to 16cm, 
after which they decrease to 20cm and then remain fairly constant downcore. They 
are below ASV.
Loss On Ignition (LOI) (Fig lOu) fluctuates in the top 10cm then values remain fairly 
consistent down to 48 cm (except for a peak at 21cm) after which they show a trend 
to decrease. This also shows a similarity to the trend of Cl which could indicate that 
Cl is being controlled by the organic content of the sediment.
Of the metals analysed Cd, Zn, Pb, Hg, Br, S, Cl, Zr are all above ASV whilst Cr, Ni 
and, to a lesser extent, Y fluctuate above and below ASV. Ca is above ASV in the 
bottom part of the core and Mn is above ASV in the top part of the core.
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Fig 10a: Si mg/g Fig 10b: A1 mg/g Fig 10c: Ti mg/g
Fig lOg: Fe mg/g Fig 1 Oh: Mil mg/g Fig lOi: Cl mg/g
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Fig lOj: Rb pg/g Fig 10k: Zr pg/g Fig 101: Cr pg/g
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Fig 10s: Sr ng/g Fig lOt: Y jig/g Fig lOu: LOl %
Figure lOa-u: Upper Marsh Core Element Concentrations (Average Shale Values (ASV) are shown in 
black for comparison with potential natural background concentrations, the data shown in blue are 
from the upper marsh sediments).
5.3 Upper Marsh Core Magnetics Data
Magnetic Susceptibility (xlf) (Fig 1 la) and SIRM (Fig 11b) show a slight decrease in 
the top layers of the core (0-21cm depth) followed by an overall increase downcore.
XARM (Fig 11c), xARM/SIRM (Fig lid) and xARM/xlf (Fig 1 If) show an increase 
from the surface followed by a decrease to 13cm depth. There is then a spike in 
values around 15cm depth, followed by a gradual increase to 29cm after which 
values remain fairly consistent down to 57cm when they start to show a gradual 
decrease.
SIRM/ xlf (Fig He) values are consistent downcore except for a peak at 24cm.
HIRM (Fig 1 Ig) shows a slight downcore increase.
Hard % (Fig 1 Ih) shows a downcore increase to 21cm followed by a slight decrease 
to 31cm when values settle down and remain fairly constant. The increase in Hard % 
(the haematite / goethite contribution) is at the expense of the magnetic contribution 
from soft remanence (i.e. magnetite). The relative contribution of Hard % to the
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overall magnetic concentration increases as the proportion of soft remanence 
decreases.
Soft (Fig 1 li) values show an overall gradual increase downcore. They also co-vary 
with xlf and SIRM indicating that the main contribution to the magnetic 
concentrations is from soft remanence, i.e. magnetite.
FD% (Fig 1 Ij) fluctuates around a central value of 2.5 except for a large peak at 
52cm depth.
IRM reverse values (Fig Ilk) are relative constant downcore, showing no evidence 
of backfield divergence.
The results suggest a possible cyclicicity in magnetic grain size with xARM/SIRM 
and xARM /xlf having higher values when the magnetic grain size is smaller.
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Figure 1 la-k: Upper Marsh Core Magnetics Data.
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5.4 Upper Marsh Core PCB Data
PCB concentrations (Figure 12a-u) fluctuate markedly downcore, but there appears 
to be several coincident major peaks in the concentration of most congeners at 7cm, 
12cm, 23cm, 47cm, 53cm, and 64cm. Values are high but correspond to 
concentrations found by other authors (Vane et al, 2003) in the area.
Fig 12a: PCB 18 ng/g Fig 12b: PCB 28 ng/g Fig 12c: PCB 52 ng/g
Fig 12d: PCB 44 ng/g Fig 12e: PCB 47 ng/g Fig 12f: PCB 49 ng/g
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0 5 10 ts
Fig 12j: PCB 118 ng/g
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Fig 12k: PCB 128 ng/g
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Fig 121: PCB 138 ng/g
Fig 12m: PCB 141 ng/g Fig 12n: PCB 151 ng/g Fig 12o: PCB 153 ng/g
96
Fig 12p: PCB 156 ng/g Fig 12q: PCB 170 ng/g Fig 12r: PCB 180 ng/g
Fig 12s: PCB 183 ng/g Fig 12t: PCB 194 ng/g Fig 12u: Total PCBs
ng/g
Figure 12a-u: Upper Marsh Core PCB Concentrations. PCB concentrations are shown in black and 
the general downcore trends can be seen as a 3-point running mean in red.
Figure 13 shows the downcore 5cm combined sample mean distribution of PCB 
congeners.
Figure 14 shows the mean 5cm combined % distribution of the PCB chlorinated 
groups which are dominated by the tri, tetra and hexa chlorinated congeners.
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Figure 13: Downcore % Variation of PCB congeners. Values were calculated by combining a number 
of downcore sections and calculating mean % of the Total PCB concentration of each congener.
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5.5 Upper Marsh Core PAH Data
5.5.1 PAH downcore distributions
Figure 15a-o show the downcore PAH distribution. As with the PCB data, PAH 
concentrations fluctuate markedly downcore with several coincident peaks in 
concentration occurring at 23cm, 30cm, 35cm, 48cm, 52cm and 63cm.
Figure 16 shows the mean 5cm core depth percentage distribution of PAHs which are 
dominated by the higher molecular weight PAHs.
Fig 15a Acenaphthene pg/g
Fig 15d Anthracene pg/g
Fig 12b Fluorene pg/g Fig 15c Phenanthrene
Pg/g
Fig 15e Fluoranthene pg/g Fig 15f Pyrene pg/g
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Fig 15g Chrysene pg/g Fig 15h Benzo|a|anthracene 
Hg/g
Fig 15i
Benzol b](1uoranthene
^g/g
Fig 15j Fig 15K Benzo|a|pyrene pg/g
Benzo|k|fluoranthene pg/g
Fig 151 lndeno[ 1,2,3- 
cd|pyrene pg/g
Fig 15m Benzo|ghi|perylene Fig 15n Fig 15o Total PAH pg/g
pg/g Dibenzen|ah|anthracene pg/g
Figure 15a-o: PAH concentrations are shown in black and the general downcore trends can be seen 
as a 3-point running mean in red.
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Figure 16: % downcore distribution of PAHs. Values were calculated by combining a number of 
downcore sections and calculating mean % of the Total PAH concentration of each individual PAH.
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5.5.2 PAH ratios
PAH ratios (Figurel7a-i) have been used to in an attempt to identify the potential 
sources of PAHs in the environment (see ratios above for the breakdown of ratio 
meanings).
The Indeno[l,2,3-cd]pyrene/ (indeno[l,2,3,-cd]pyrene + Benzo [ghi] perylene) ratio 
is fairly stable downcore except for a few small peaks at 33cm, 42cm and 52cm. 
Fluorene/(Fluorene + Pyrene) fluctuates downcore with peaks at 22cm, 32cm, 48cm, 
52cm and 63cm. Benzo [a]pyrene/ (Benzo[a]pyrene + Chrysene) fluctuates downcore 
with several lower concentrations recorded at 30cm, 33cm, 48cm, 52cm, 60cm and 
62cm. Fluoranthene/Pyrene is fairly stable downcore except for peaks at 23cm and 
42cm. Benzo[b]fluoranthene/ Benzo[k]fluoranthene fluctuates downcore with several 
major peaks at 24cm, 30cm, 37cm, 49cm, 52cm, 59cm and 64cm. Benzo [a] pyrene/ 
Benzo [ghi] perylene is fairly stable in the top part of the core but fluctuate in the 
bottom part of the core with a large decrease at 33cm and peaks at 36cm, 40cm, 
48cm, 53cm and 66cm. Pyrene/Benzo[a]pyrene is fairly stable downcore with the 
exception of a large peak at 33cm. Indeno[l,2,3-cd]pyrene/Benzo[ghi]perylene fairly 
stable in the top part of the core but fluctuate in the bottom part of the core with 
peaks at 36cm, 41cm, and 53cm CPAH/TPAH shows a fairly steady downcore trend.
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Fig 17d
Fluoranthene/Pyrene
0 12 3
Fig 17e
Benzol b| fluoranthene/ 
Benzol k| fluoranthene
Fig 17f Benzo|a|pyrene/ 
Benzo(ghi|perylene
Fig 17g Pyrene / 
Benzo|a | pyrene
0 2 4 6 8
70
Fig 17h Indeno| 1,2,3- 
cd|pyrene/Benzo [ghi| 
perylene
Fig 17i CPAH/TPAH
Figure 17: PAH ratios
CP AH = sum of No-alkylated compounds (Fluor ene + Pyrene + Benzo[a] anthracene + Chrysene + 
Benzo[b]fluoranthene + Benzo[k]fluoranthene + Benzo[a]pyrene + indeno[l ,2,3-cd]pyrene + 
benzo[ghi/perylene.
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5.6 Upper Marsh Core Organic Matter Data
TOC % (Figure 18a) is an indication of the levels of organic carbon in the sediment 
and C/N is a ratio showing how the levels of organic carbon and nitrogen change 
with depth. TOC % shows a similar profile (although with less fluctuation) to LOI, 
except for in the first 5cm where it shows a downcore increase and LOI shows a 
decrease. It also shows a peak at 14cm that is not present in LOI. C/N ratio (Figure 
18b) shows an overall downcore increase.
Fig 18a: TOC % Fig 18b: C/N
0 2 4 6 0 5 10 15 20
Figure 18: Upper Marsh Core TOC and C/N data.
5.7 Upper Marsh Core Correlations
Positive and negative correlations were considered at both 0.01 and 0.05 levels of 
significance. SPSS highlighted both strong correlations and those with a weaker but 
significant link. Correlations were taken to be important if they were over 0.7 (or less 
than -0.7), i.e. 49% or more of the variance could be explained by the correlation. 
However, weaker correlations (under 0.7 and above -0.7) that have been highlighted 
by SPSS as showing a significant relationship within the data have also been 
discussed.
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5.7.1 Upper Marsh Core Element Correlations (See appendix 1 for values)
Si shows a wealc positive correlation at the 0.01 significance levels with the Ti, Rb, 
Xlf, SIRM, SIRM/ARM, Soft, -20mT, -300mT, % mud, % coarse silt and kurtosis, a 
strong positive correlation with Al, Zr, Ca and % very coarse silt, a weak negative 
correlation with Fe, Br, Rb, LOI, xARM/SIRM, xARM/xlf, Hard %, % sand, % 
medium sand, % fine sand, % fine silt, % very fine silt, Sorting and TOC and a 
strong negative correlation with Cl and skewness. At the 0.05 significance level Si 
shows a weak positive correlation with Cd and HIRM and a weak negative one with 
K, Mn, Ni, % coarse sand and % medium silt.
Al shows a weak positive correlation at the 0.01 level with Ti, Zr, yii, SIRM, HIRM, 
SIRM/ARM, Soft, -20mT, % mud, % very coarse silt, % coarse silt and a strong 
positive correlation with Si. It shows a weak negative correlation at the 0.01 level 
with Fe, Cl, Br, Rb, Ni, xARM/SIRM, xARM/xlf, Sorting, skewness, % sand, % 
coarse sand, % medium sand and % fine sand. It also shows a wealc positive 
correlation at the 0.05 level of significance with Zn, Cd, -300mT, kurtosis and 
fluoranthene and a wealc negative one with Mn, Hal’d %, mean grain size and % very 
coarse sand.
Ti shows a wealc positive correlation with Si, Al, Ca, K, Zr and % very coarse sand 
and a weak negative one with Rb, LOI, skewness and TOC at the 0.01 significance 
level. At the 0.05 level of significance it shows a weak positive correlation with xlf, 
SIRM, HIRM, Soft, kurtosis and % coarse silt and is a weak negative one with Br.
Ca shows a wealc positive correlation with Al, Ti, S, Pb, Zn, Zr, Sr, Cd, Hg, HIRM, 
SIRM/ARM -20mT, -300mT, kurtosis and % mud, a strong positive one with Si, xlf, 
SIRM, Soft, % very coarse silt, % coarse silt, a weak negative correlation with Fe, 
Mn, Cl, Cr, xARM/SIRM* xARM/xlf, Hard %, mean grain size, % sand, % coarse 
sand, % medium sand and a strong negative one with Br, Sorting, skewness and % 
fine sand at the 0.01 significance level. At the 0.05 significance level it shows a weak 
positive correlation with % clay and phenanthrene and weak negative one with Rb, 
PCB 47, % very coarse sand and TOC.
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K shows a wealc positive correlation at the 0.01 level with Ti, Fe, S, Cl, % medium 
sand, % fine silt, % very fine silt, % clay and a weak negative correlation with Zr and 
mean grain. At the lower 0.05 significance level it shows a wealc positive correlation 
with Si, Pb, Zn and Rb and weak negative one with PCB 138, PCB 156, PCB 194 
and % coarse sand.
Fe shows a wealc positive correlation at the 0.01 level with K, Mn, Cl, Br, 
XARM/SIRM, xARM/xlf Skewness, % fine sand, % fine silt and a weak negative 
one with Si, Al, Ca, Zr, HIRM, SIRM/ARM, % very coarse silt, % coarse silt. At the 
0.05 significance level it shows a weak positive correlation with Cr, FD%, xARM, 
SIRM/xlf, ARM and % very fine sand and weak negative one with %lf. Soft, -20mT 
and % very fine silt.
Mn shows a weak positive correlation (at the 0.01 level) with Fe, Br, xARM/SIRM, 
XARM/xlf, mean grain size, sorting, skewness, % sand, % very coarse sand, % 
medium sand, % fine silt. It also shows a weak negative correlation with Ca, HIRM, 
SIRM/ARM, % mud, % very coarse silt and % coarse silt. At the 0.05 level of 
significance it shows a weak positive correlation with % FD, xARM, ARM and TOC 
and a weak negative one with Si, Al, Zr, Cd, PCB 156 and kurtosis.
S shows a weak positive correlation, at the 0.01 level, with Ca, K, Cl, Pb, Zn, Sr, 
Cd, Hg, xlf, SIRM, xARM, SIRM/xlf, HIRM, ARM, Soft, -300mT, PCB 66, kurtosis, 
% mud, % coarse silt, % medium silt, % very fine silt, % clay and a weak negative 
one with Br, Hard %, PCB 194, mean grain size, sorting, skewness, % sand, % 
coarse sand, % medium sand and % fine sand. It also shows a weak positive 
correlation at the 0.05 level with LOI and % fine silt and a wealc negative one with 
PCB 47, PCB 151, PCB 153, PCB 138, PCB 128 and PCB 170.
At the 0.01 significance level Cl shows a weak positive correlation with K, Fe, S, Br, 
Rb, LOI and skewness, it also shows a weak negative correlation with Al, Ca, Zr, xlf, 
and % very coarse silt and strong negative one with Si.. At the lower level of 
significance (0.05) it shows a wealc positive correlation with Pb, Cr, Ni, HARD %, 
Sorting, % fine silt, % very fine silt and a weak negative one with SIRM, Soft, - 
300mT and % coarse silt.
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Pb is shows a strong positive correlation at the 0.01 level with Zn, % clay and SIRM 
and a weak positive one with Ca, S5 Sr, Cd, Hg, xlf? x^RM, HIRM, ARM, Soft, LOI, 
kurtosis, % mud, % coarse silt, % medium silt, % fine silt, % very fine silt. It shows 
weak negative correlations with Br, Hard % PCB 151, PCB 194, mean grain size, % 
coarse sand, % medium sand, % fine sand and % sand. At the 0.05 level of 
significance it shows a weak positive correlation with K, Cl and % very coarse silt 
and a weak negative one with PCB 47, PCB 101, PCB 138, PCB 170 and % very 
fine sand.
Zn shows strong positive correlations at the 0.01 level with Pb, y\f, SIRM, Soft, % 
mud, % coarse silt, % clay and weak positive correlations with Ca, S, Sr, Cd, Hg, 
XARM, ARM, HIRM, -300mT, kurtosis, % very coarse silt, % medium silt, % fine 
silt, % very fine silt and Fluorene. It shows a weak negative correlation with Br, 
Hard %, PCB 52, PCB 47, PCB 151, PCB 153, PCB 138, PCB 183, PCB 128, PCB 
170, PCB 194, total PCB, Sorting, Skewness, % coarse sand, % medium sand and % 
very fine sand and strong negative one with Mean grain size, % sand, and % very 
fine sand. At the 0.05 level of significance it shows a weak positive correlation with 
Al, K, -20mT, phenanthrene and chrysene and a weak negative one with PCB 18, 
PCB 49, PCB 44, PCB 101, PCB 118, PCB 105, PCB 141, PCB 156 and PCB 180.
Br shows a weak positive correlation at the 0.01 level with Fe, Mn, Cl, Ni, 
XARM/SIRM, xARM/xlf, Hard %, PCB 194, mean grain size, % sand, % very coarse 
sand and TOC. It shows strong positive correlations with Sorting, skewness, % 
coarse sand, % medium sand and % fine sand. Br exhibits weak negative correlations 
with Si, Al, S, Cu, Pb, Zn, Zr, Cd, Hg, HIRM, SIRM/ARM, -20mT, -300mT, 
kurtosis, % mud, fluorene and a strong negative correlation with Ca, xlf, SIRM, Soft, 
% very coarse silt, % coarse silt and clay. At the 0.05 level of significance it shows a 
weak positive correlation with Rb and PCB 47 and a weak negative one with Ti, % 
medium silt, % very fine silt, fluoranthene and Chrysene.
Zr shows a weak positive correlation at the 0.01 level with Al, Ti, Ca, xlfi SIRM, 
SIRM/ARM, soft, -20mT, -300MmT, kurtosis and % coarse silt, a strong positive 
correlation with Si and % very coarse silt and weak negative one with K, Fe, Cl, Br
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Rb, Ni, LOI, xARM/SIRM, xARM/xlf, sorting, skewness, % medium sand, % fine 
sand, % fine silt, % very fine silt and TOC. At the 0.05 level it shows a weak positive 
correlation with Cd, % mud, % very fine sand, Fluorene, Pyrene, 
Benzo[a]anthracene, Benzo[k]fluoranthene, Benzo[a]pyrene and a weak negative 
one with Mn, % sand, % coarse sand, % medium silt and % clay.
Rb shows a weak positive correlation at the 0.01 level with Cl and Skewness and a 
weak negative correlation with Si, Al, Ti, Zr and % very coarse silt. At the 0.05 level 
it shows a weak positive correlation with K, Br, LOI, xARM/xlf, HARD %, % fine 
silt and TOC and it a weak negative one with ylfi Ca, -20mT and -300mT.
Sr shows a weak positive correlation with Ca, S, Pb, Zn, LOI, xlf and -300mT and it 
has weak negative correlations with Y, Hard %, mean grain size, sorting, % very 
coarse sand, % coarse sand and % medium sand at the 0.01 level. It shows a weak 
positive correlation with Hg, SIRM, Soft, kurtosis, % mud, % coarse silt and % clay 
and a weak negative one with Skewness and % sand at the 0.05 level of significance.
Cr is shows a weak positive correlation at the 0.01 level with % medium sand and a 
weak negative one with Ca. At the 0.05 level of significance it shows a weak positive 
correlation with Fe, Cl, SIRM/xlf, xARM/xlf, sorting, skewness, % sand and 
acenaphthene and a weak negative one with PCB 18, PCB 49, PCB 141, % clay, % 
very coarse silt and % coarse silt.
Ni has weak positive correlations at the 0.01 level with Br and Hard % and a weak 
negative one with Al, Ca, Zr and -300mT. At the lower level of significance it is 
shows a wealc positive correlation with Cl, LOI and % fine sand and a weak negative 
one with Si, Cd, xlf, SIRM, Soft and Total PAH.
Y has a wealc negative correlation with Sr at the 0.01 level and a weak positive one 
with PCB 170 at the 0.05 level.
LOI shows a weak positive correlation at the 0.01 level with Cl and Sr and a weak 
negative one with Si, Ti, Zr, Cd, and xlf It shows a weak positive correlation with S,
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Rb, M, Hard % and TOC and a weak negative one with SIRM, %ARM, ARM, Soft, - 
300mT, PCB 141, % very coarse sand and Pyrene at the 0.05 level.
Cd shows weak positive correlations at the 0.01 significance level with Ca, S, Cu, 
Pb, Zn, Hg, xlf, SIRM, xARM, HIRM, Soft, -300mT, kurtosis, % clay, % very coarse 
silt, % coarse silt, % medium silt, % medium silt and % very fine silt. At this level 
of significance it has a weak negative correlation with Br, LOI, Hard %, mean grain 
size, sorting, skewness, % sand, % coarse sand, % medium sand, % fine sand, % 
very fine sand and TOC. At the lower 0.05 level of significance it shows a weak 
positive correlation with Si, Al, Ti, Mn, Zr, -20mT, PCB 66, % fine silt and 
Chrysene and a weak negative one with Ni and Benzo[ghi]perylene.
Hg shows a weak positive correlation with Ca, S, Cu, Pb, Zn, Cd, xlf, SIRM, xARM, 
HIRM, ARM, Soft, % mud, % coarse silt, % medimn silt, % fine silt, % very fine 
silt, % clay and a weak negative one with Br, PCB 49, PCB 47, PCB 151, PCB 105, 
PCB 128, PCB 170, PCB 194, Total PCB, mean grain size, sorting, skewness, % 
sand, % coarse sand, % medium sand, % fine sand and % very fine sand. At the 0.05 
level shows a weak positive correlation with Sr, -300mT, PCB 66, Kurtosis, 
Phenanthrene and a weak negative one with Hard %, PCB 18, PCB 52, PCB 44, 
PCB 101, PCB 118, PCB 153, PCB 141, PCB 138, PCB 183, PCB 156 and PCB 
180.
5.7.2 Upper Marsh PCB Correlations (See appendix 1)
PCBs correlate well with each (although many of these correlations are weak) and 
PCB 66 shows the fewest correlations with the other PCBs. Many also show negative 
correlations with the finer grain size fractions (and magnetic indicators of grain size) 
and positive correlations with coarser grain size material.
PCB 18 shows a strong positive correlation with PCB 28, PCB 52, PCB 49, PCB 47, 
PCB 44, PCB 151, PCB 118, PCB 153, PCB 105, PCB 138, PCB 183, PCB 128, 
PCB 156, PCB 180 and Total PCB and a weak positive one with PCB 101, PCB 141, 
PCB 170 and PCB 194 at the 0.01 level of Significance. At the 0.05 level it shows a 
weak positive correlation with PCB 66, % sand, % fine sand, mean grain size, soft
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and Acenaphthene and a wealc negative one with %ARM, ARM, % mud, % coarse 
silt, % medium silt, % fine silt and % very fine silt.
PCB 28 is shows a weak positive correlation the 0.01 level with PCB 52, PCB 49, 
PCB 47, PCB 66, PCB 101, PCB 151, PCB 118, PCB 105, PCB 141, PCB 183, PCB 
128, PCB 156, PCB 180, PCB 170, PCB 194, a strong positive one with PCB 18, 
PCB 44, PCB 153, PCB 138 and Total PCB and a weak negative one with % 
medium silt, % fine silt and % very fine silt. At the 0.05 level it shows a weak 
positive correlation with Acenaphthene.
PCB 52 shows a weak positive correlation at the 0.01 level with PCB 28, PCB 101, 
PCB 141, PCB 170, PCB 194, SIRM/ARM, mean grain size and % fine sand and a 
strong positive one with PCB 18, PCB 49, PCB 47, PCB 44, PCB 151, PCB 118, 
PCB 153, PCB 105, PCB 138, PCB 183, PCB 128, PCB 156, PCB 180 and Total 
PCB. It shows a wealc negative correlation with %ARM, ARM, % medium silt, % 
fine silt, % very fine silt and Benzo[b]fluoranthene. At the 0.05 level it shows a weak 
positive correlation with % sand and % very fine sand and a weak negative one with 
% mud, % coarse silt, % clay, Chrysene and Total PAH.
Total PCB shows a strong positive correlation with PCB 18, PCB 28, PCB 52, PCB 
49, PCB 47, PCB 44, PCB 101, PCB 151, PCB 118, PCB 153, PCB 105, PCB1 41, 
PCB 138, PCB 183, PCB 128, PCB 156, PCB 180, PCB 170, a wealc positive one 
with PCB 194, mean grain size and % sand and a weak negative correlation with 
XARM, ARM % mud, % medium silt, % fine silt, very fine silt, % clay at the 0.01 
level. It shows a weak positive correlation with PCB 66, sorting, % medium sand, % 
fine sand, % very fine sand and a weak negative one with HIRM, % very coarse silt. 
Chrysene and Benzo[b]fluoranthene at the 0.05 level.
These trends are repeated amongst the other PCBs
All PCBs apart from PCB 28 and 66 show a negative correlation with Hg. Several 
PCBs are also negative with Zn (52, 47, 151, 153, 138, 183, 128, 170, 194), Pb (47, 
101, 151, 138, 170, 194), Cu (47, 128, 156), Sr, (47, 151, 153, 138, 128, 170) or S 
(18, 49, 44, 101, 118, 105, 141, 156, 180,194). PCB 49 has negative correlations
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with Cr, PCBs 138 and 194 have a negative correlation with K, PCB 156 has a 
negative correlation with K and Mn. The only PCBs that show positive relationships 
with the metals are PCB 47 and 194 (Br), PCB 66 (S and Cd), PCB 170 (Y). PCB 18 
shows a weak positive correlation with Acenaphthene and PCB 66 shows a weak 
positive one with Phenanthrene, There are several PAHs that show weak negative 
con-elation with PCBs: Benzo[b]fluoranthene (PCB 52, 49, 47, 44, 153, 105, 128, 
156, 170, Total PCB), Chrysene (PCB 52, 49, 47, 44, 151, 153, 183, 128, 156, 170, 
194, Total PCB), Total PAH (PCB 52, 49, 47, 44, 153, 128) Benzo[a]anthracene 
(PCB 49), Benzo[k]fluoranthene (PCB 49).
5.7.3 Upper Marsh Core PAH Correlations (See appendix 1)
As with the PCB correlations PAHs show good correlations amongst themselves 
(although again some of these are weak).
Acenaphthene shows a weak positive correlation at the 0.01 level with Phenanthrene, 
Anthracene, Fluoranthene, Pyrene, Benzo[k]fluoranthene, Benzo [a]pyrene, 
Indeno[1.2.3-cd]pyrene, Benzo[ghi]perylene, Dibenz[a,h]anthracene and a strong 
one with Fluorene. It shows a weak positive correlation at the 0.05 level with - 
300mT, % mud, % coarse silt and a weak negative one with Hard %, sorting, 
skewness, % sand and % fine sand.
Fluorene shows a weak positive correlation at the 0.01 level with Phenanthrene, 
Chrysene, Benzo [K] fluoranthene, Benzo [a] anthracene, Dibenz[a,h] anthracene, Total 
PAH, % mud, % coarse silt, Soft and SIRM, a strong positive one with 
Acenaphthene and a weak negative correlation with % sand. At the 0.05 level it 
shows a weak positive correlation with Fluoranthene, Benzo [b] fluoranthene, 
benzo[ghi]perylene, xlf "20 mT, -300mT and a weak negative one with SIRM/%lf, 
Hard %, mean grain size, sorting, skewness, % medium sand and % fine sand.
Phenanthrene shows a weak positive correlation with ylfi SIRM, Soft, -300mT, 
Acenaphthene, Fluorene, Anthracene, Fluoranthene, Pyrene, Benzo[k]fluoranthene, 
Benzo [ajpyrene, Dibenz[a,h[anthracene, Total PAHs and % coarse silt and a weak 
negative one with skewness and Hard % at the 0.01 level. At the 0.05 level of
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significance it is shows a weak positive correlation with Indenof l ,2,3-cd]pyrene, 
Benzo[ghi]perylene, % mud, % very coarse silt, % clay and a weak negative one 
with %ARM, mean grain size, % sand, % medium sand and % fine sand.
At the 0.0 1 Level Anthracene shows a weak positive correlation with Acenaphthene, 
Phenanthrene, fluoranthene, pyrene, Benzo[k]fluoranthene, Benzo[a]pyrene, 
Indeno[l,2,3-cd]pyrene, Dibenz[a,h]anthracene and total PAH. At the 0.05 level of 
significance it shows a weak positive correlation with Benzo[a]anthracene and 
benzo [b] fluoranthene.
Fluoranthene shows a weak positive correlation with, Acenaphthene, Phenanthrene, 
Benzo [a]anthracene, Benzo[b]fluoranthene, Benzo[k]fluoranthene, Benzo [a]pyrene, 
Indenofl,2,3-cdjpyrene, Benzo[ghi]perylene, Total PAH and a strong positive one 
with Pyrene at the 0.01 level. It shows a weak positive correlation with Soft, 
Fluorene and % very coarse silt and a negatively weak one with skewness and % fine 
sand at the 0.05 level.
At the 0.01 level of significance Chrysene shows a wealc positive correlation with 
Fluorene Benzo[b]fluoranthene, Indeno [ 1,2,3 -cd]pyrene, Benzo [ghi]peiylene and 
Total PAH, % mud, % coarse silt, % medium silt and a weak negative one with mean 
grain size, % sand, % very fine sand, It shows a wealc positive correlation with 
Benzo[a]anthi*acene, Benzo[a]pyrene, Dibenz[a,h,]anthracene, % fine silt, % very 
fine silt and % clay and a weak negative one with Sorting and SIRM at the 0.05 
level.
Total PAH shows a weak positive correlation with Acenaphthene, Fluorene, 
Phenanthrene, Anthracene, Fluoranthene, Chrysene and a strong positive one with 
Benzo [a] anthracene, Benzo [b] fluoranthene, Benzo[k]fluoranthene, Benzo[a]pyrene, 
Indeno[1.2.3-cd]pyrene, Benzo[ghijperylene, Dibenz[a,h,]anthracene and Pyrene at 
the 0.01 level.
TOC shows a wealc positive correlation with Sorting and Skewness and a weak 
negative correlation with % very coarse silt at the 0.01 level. It shows a weak
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positive correlation with % coarse sand and % medium sand and a weak negative 
correlation with % coarse silt at the 0.05 level of significance.
There are several metals that show positive correlations with PAHs: Cr 
(acenaphthene) Zr, (Fluorene, Pyrene, Benzo[a]anthracene, Benzo[k]fluoranthene, 
Benzo[a]pyrene), Zn (Fluorene), Ca (Phenanthrene), Hg, (Phenanthrene), S 
(phenanthrene, Chrysene), Cd ( Chrysene) and several that show negative ones Cd 
(Benzo[ghi]perylene), Br, (Chrysene Fluoranthene) and Pyrene is negative with LOT
5.7.4 Upper Marsh Core Magnetic Correlations (See appendix 1) 
j^lf shows a weak positive correlation with %ARM, HIRM, ARM, -20mT, % clay, 
mean grain size, kurtosis, a strong positive one with SIRM, soft, -300mT, % very 
coarse silt, % coarse silt, % mud and weak negative one with % coarse sand, % 
medium sand and a strong negative correlation with Hard %, % fine sand, sorting, 
skewness and % sand at the 0.01 level. It shows a weak positive correlation with % 
medium silt, % very fine silt and weak negative one with % very fine sand at the 0.05 
level.
%FD is shows a weak negative correlation with SIRM/%lf and SIRM/ARM at the 
0.01 level of significance. At the 0.05 level of significance it shows a weak positive 
correlation with xARM/SIRM.
SIRM shows a weak positive correlation with %ARM, HIRM, ARM, -20mT, % very 
coarse silt, % clay, kurtosis, a strong positive correlation with Soft, -300mT, % 
coarse silt, % mud, a weak negative one with % coarse sand, % medium sand, mean 
grain size, and a strong negative correlation with Hard %, % fine sand, sorting, 
skewness and % sand at the 0.01 significance level. At the 0.05 significance level it 
shows a weak positive correlation with SIRM/%lf, % medium silt, % very fine silt 
and a weak negative one with % very fine sand.
At the 0.01 level of significance %ARM shows a weak positive correlation with xlf, 
SIRM, xARM/SIRM, SIRM/%lf, HIRM, -300mT, % coarse silt, % medium silt, % 
fine silt, % very fine silt, % clay, % mud, a strong positive correlation with ARM and 
Soft. It has a weak negative correlation with Hard %, SIRM/ARM, % fine sand, %
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very fine sand, mean grain size, sorting and % sand. It shows a weak positive 
correlation with % Kurtosis and TOC and a weak negative correlation with % 
medium sand and skewness at the 0.05 Level.
%ARM/SIRM is shows a weak positive correlation with % coarse silt, % fine silt, 
Sorting Skewness, TOC xARM, and ARM, a strong positive one with xARM/^lf, a 
weak negative correlation with % very fine sand, % very coarse silt and a strongly 
negative one with SIRM/ARM at the 0.01 level. It is shows a weak positive 
correlation with FD%, %medium silt, % very fine silt and a weak negative one with - 
20mT and % coarse silt at the 0.05 level.
SIRM/xlf shows a weak positive correlation with xARM/xlf and ARM and a weak 
negative one with FD% at the 0.01 level. At the 0.05 level it shows a weak positive 
correlation with Soft, -300mT and % medium silt and a weak negative one with Hard
%.
XARM/xlf shows a weak positive correlation with % coarse sand, % fine silt, 
skewness, TOC, xARM, SIRM/xlf and ARM, a strong positive correlation with 
XARM/SIRM, a weak negative correlation with % very fine sand and % very coarse 
silt and a strong negative correlation with SIRM/ARM at the 0.01 level of 
significance. At the 0,05 level it shows a weak positive correlation with % very 
coarse sand, % medium silt, and % very fine silt and a weak negative one with % 
coarse silt.
HIRM is shows a weak positive correlation with xlfi SIRM, xARM, Soft, % very 
coarse silt, % coarse silt, % medium silt, % very fine silt, % clay, kurtosis, % mud 
SIRM/xlf, -300mT and a weak negative one with % sand, % coarse sand, % medium 
sand, % fine sand, % very fine sand, mean grain size, sorting, skewness at the 0.01 
level. At the 0.05 level it shows a weak positive correlation with % fine silt.
Hard % shows a weak positive con-elation with % sand, % fine sand, % medium 
sand, mean grain size, sorting, skewness, a weak negative one with xARM, ARM, % 
very coarse silt, % coarse silt, kurtosis, % mud and a strong negative one with ylf,
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SIRM, Soft and -300mT. At the 0.05 level it shows a weak positive correlation with 
% coarse sand and a weak negative one with SIRM/xlf and “20mT.
ARM shows a weak positive correlation with SIRM, xARM/SIRM, SIRM/xlf, 
SIRM/xlf HIRM, -300mT, Soft, % coarse silt, % medium silt, % fine silt, % very fine 
silt, % clay, and % mud, a strong positive one with xARM, a weak negative 
con-elation with Hard %, SIRM/ARM, % sand, % fine sand, % veiy fine sand, mean 
grain size and sorting at the 0.01 level. It shows a weak positive correlation with 
kurtosis and TOC and a weak negative one with % medium sand and skewness at the 
0.05 level.
SIRM/ARM shows a wealc positive conelation with % very fine sand, % Very coarse 
silt, a weak negative one with % medium silt, % fine silt, % very fine silt, skewness, 
TOC, xARM, %FD and ARM and a strong negative correlation with xARM/SIRM 
and xARM/xlf at the 0.01 level. It shows a weak positive correlation with -20mT and 
a weak negative one with % coarse sand, % medium sand and sorting at the 0.05 
level.
At the 0.01 level of significance Soft shows a weak positive correlation with % clay, 
kurtosis, xARM, ARM, HIRM, and -20mT and a strong one with %\f, SIRM, - 
300mT, % very coarse silt, % coarse silt and % mud. It shows a weak negative 
correlation with Hard %, % coarse sand, % medium sand, mean grain size and a 
strong negative one with % fine sand, sorting, skewness and % sand. At the 0.05 
level it shows a wealc positive con-elation with SIRM/xlf and % medium sand.
-20mT exhibits a wealc positive conelation with SIRM, Soft, % coarse silt, % 
very coarse silt and a weak negative one with % fine sand, Sorting and skewness at 
the 0.01 level At the 0.05 level it shows a weak positive conelation with 
SIRM/ARM, -300mT and % mud and a weak negative one with xARM/SIRM, Hard 
%, % medium sand and % sand.
-300mT shows a weak positive correlation with xARM, ARM, % very coarse silt, % 
coarse silt, % mud and kurtosis, a strong positive correlation with xlfi SIRM, and 
Soft, a wealc negative one with % medium sand, % fine sand, % sand, mean grain
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size, sorting, skewness and a strong negative correlation with Hard % at the 0.01 
level. It shows a weak positive correlation with SIRM/^lf, -20mT and a weak 
negative one with % coarse sand at the 0.05 level.
5.8 Principal Component Analysis Upper Marsh Core
Multivariate statistical analysis using Principal Component Analysis (PCA) was 
undertaken in an attempt to establish relationships between organic matter, grain size 
and pollutant inputs (PCBs, PAHs and heavy metals). The results of this are given 
below as a series of bivariate plots and associated eigenvectors and eigenvalues.
5.8.1 Upper Marsh Element, Organic Matter and Grain Size PCA
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Figure 19: PCA scatter plot of Eigenvectors comparing elements, organic matter and grain size. The 
relationship between PCA l (which explained 51.7% of the total variance) and PCA 2 (which 
explained a further 21.4%) is shown, along with graphical representations of the contributions of the 
original variables to both PC 1 and PC 2.
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It appeal's that there are 3 main groupings of parameters in this analysis. Zr5 Si, Ca, 
A1 (the lithogenic fraction with a potential bias to coarse grained material), TOC, 
LOI, Mn, Fe Ni, Br (the organic matter fraction and marine influences?) and Hg, Pb, 
Zn, S, Sr (those with a possible pollutant input relationship). The first 3 components 
account for 80% of the variation.
PC
1
2
3
4
5
Eigenvalues
0.177 
7.31 E-2 
2.47E-2 
1.61 E-2 
1.13E-2
Eigenvalues
%Variation
51.7 
21.4
7.2
4.7
3.3
Cum.%Variation
51.7
73.0
80.2
84.9
88.2
Eigenvectors
(Coefficients in the linear combinations of variables making up PCs)
Variable PC1 PC2 PC3 PC4 PC5
Si 0.087 -0.222 0.108 0.062 0.034
Al 0.059 -0.080 0.003 0.074 -0.015
Ti 0.009 -0.025 0.005 -0.020 0.046
Ca 0.209 -0.122 0.192 0.244 -0.048
K 0.008 0.026 -0.020 0.006 0.003
Fe -0.038 0.110 -0.066 -0.042 0.089
Mn -0.064 0.070 -0.103 -0.193 0.197
S 0.227 0.295 -0.001 0.520 0.411
Cl -0.021 0.265 -0.056 0.170 0.059
Pb 0.345 0.293 -0.143 -0.028 0.232
Zn 0.535 0.322 -0.110 -0.219 0.072
Br -0.523 0.436 -0.141 -0.112 0.057
Zr 0.120 -0.436 0.069 0.157 0.192
Rb -0.022 0.160 -0.134 -0.035 -0.059
Sr 0.072 0.087 0.144 0.213 -0.053
Ni -0.112 0.222 0.890 -0.180 0.259
Cd 0.056 -0.003 -0.013 -0.042 0.052
Hg 0.227 0.154 0.149 -0.324 -0.443
LOI -0.028 0.276 0.133 0.509 -0.603
TOC % -0.007 0.042 -0.023 -0.014 -0.024
% sand -0.326 0.003 -0.063 0.243 0.189
% mud 0.114 -0.003 0.029 -0.055 -0.061
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5.8.2 Upper Marsh Core PCB, Organic Matter and Grain Size PCA
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Figure 20: PCA scatter plot of Eigenvectors comparing PCBs, organic matter and grain size. The 
relationship between PCA I (which explained 71.3% of the total variance) and PCA 2 (which 
explained a further 6.8%) is show, along with graphical representations of the contributions of the 
original variables to both PC 1 and PC 2.
The first 3 components account for 81% of the variation and there appear to be 2 
main clusters of PCBs and a couple of outliers (PCB 28, 66). Neither of these 
groupings can be explained by congener types (e.g. PCBs with similar ring numbers 
grouping together) and the organic muds plot in the opposite direction to the PCBs.
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Eigenvalues
PC Eigenvalues %Variation Cum.%Variation
1 0.775 71.3 71.3
2 7.39E-2 6.8 78.1
3 3.46E-2 3.2 81.3
4 3.18E-2 2.9 84.2
5 3E-2 2.8 87.0
Eigenvectors
(Coefficients in the linear combinations of variables making up PC's)
Variable PC1 PC2 PCS PC4 PCS
PCS 18 0.217 0.054 0.034 -0.251 -0.002
PCB 28 0.236 0.377 -0.650 0.037 0.022
PCB 52 0.231 -0.071 -0.026 -0.230 0.249
PCB 49 0.212 -0.167 0.054 -0.075 0.665
PCB 47 0.246 -0.113 -0.001 0.065 0.183
PCB 44 0.216 0.000 -0.075 -0.113 0.064
PCB 66 0.130 0.785 0.324 0.045 0.242
PCB 101 0.252 0.145 0.408 0.475 -0.151
PCB 151 0.259 -0.027 0.150 -0.239 -0.316
PCB 118 0.212 -0.033 -0.046 0.102 0.032
PCB 153 0.219 0.004 0.062 -0.190 -0.137
PCB 105 0.188 -0.148 0.249 -0.305 -0.108
PCB 141 0.169 0.016 -0.004 0.093 0.006
PCB 138 • 0.217 0.020 -0.169 0.056 -0.109
PCB 183 0.256 -0.061 -0.026 -0.100 -0.191
PCB 128 0.252 -0.126 -0.123 -0.045 0.073
PCB 156 0.279 -0.165 0.084 0.212 0.172
PCB 180 0.227 0.094 -0.140 -0.118 -0.277
PCB 170 0.202 -0.065 0.228 -0.017 -0.179
PCB 194 0.187 -0.100 -0.256 0.474 -0.155
LOI -0.004 -0.053 -0.079 -0.030 0.157
TOC % -0.006 -0.006 -0.021 0.025 0.050
% Sand 0.077 -0.259 0.089 0.335 0.048
% Mud -0.025 0.087 -0.032 -0.120 -0.020
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5.8.3 Upper Marsh Core PAH, Organic Matter and Grain Size PCA
10 1
<N
£
0.5 -
0.0 --
-0.5 -
-1.0
Bpyr 
Ind .
Dbanth #• B(k)flu 
*Bper
Anth
-TOC -i - - - Aee- - ^ •
F^he.* .Ryr • Bflu
Mud * pju Ranth
-1.0 -0.5 0.0 0.5 1.0
PCI
Figure 21: PCA scatter plot of Eigenvectors comparing PAHs, organic matter and grain size The 
relationship between PCA 1 (which explained 58.2% of the total variance) and PCA 2 (which 
explained a further 10.5%) is shown, along with graphical representations of the contributions of the 
original variables to both PC 1 and PC 2.
The first 3 components account for 78% of the variation in the data. There appear to 
be 2 main groups of PAHs with the lower molecular weight ones predominately in 
the top group and the higher molecular weight PAHs in the bottom group (there is 
some overlap between the groupings though).
PC
1
2
3
4
5
Eigenvalues
Eigenvalues %Variation Cum.%Variation
0.301 58.2 58.2
5.44E-2 10.5 68.7
4.87E-2 9.4 78.2
3.82E-2 7.4 85.6
2.23E-2 4.3 89.9
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Eigenvectors
(Coefficients in the linear combinations of variables making up PC's)
Variable PC1 PC2 PC3 PC4 PCS
Acenaphthene (Ace) 0.104 -0.033 -0.245 0.059 -0.179
Fluorene (Flu) 0.111 -0.133 -0.231 0.135 -0.100
Phenanthrene (Phe) 0.090 -0.077 -0.304 0.006 -0.411
Anthracene (Anth) 0.046 0.047 -0.093 -0.038 -0.292
Fluoranthene (Flanth) 0.218 -0.146 -0.218 -0.480 -0.061
Pyrene (Pyr) 0.231 -0.102 -0.120 -0.465 0.087
Chrysene (Chr) 0.355 -0.593 -0.031 0.389 0.512
Benzo (a) anthracene (Banth) 0.307 0.003 0.091 -0.448 0.204
Benzo (b) fluoranthene (Bflu) 0.482 -0.094 0.721 0.051 -0.424
Benzo (k) fluoranthene (B(k)flu) 0.321 0.237 -0.192 -0.023 0.003
Benzo(a)pyrene (Bpyr) 0.328 0.298 -0.252 0.109 0.119
lndeno(1,2,3-cd)pyrene (Ind) 0.285 0.251 -0.085 0.182 0.021
Benzo (ghi) perylene (Bper) 0.280 0.226 -0.010 0.179 -0.004
Dibenz(a,h)anthracene (Dbanth) 0.206 0.195 -0.150 0.190 -0.022
LOI -0.023 0.187 -0.027 0.227 -0.120
TOC % -0.001 0.012 -0.010 0.004 0.009
% sand -0.022 0.475 0.236 -0.098 0.400
% mud 0.006 -0.155 -0.086 0.029 -0.141
5.9 Chapter Summary
The main grain size is in the mud fraction with the dominant magnetic mineral being 
magnetite. Correlations and PCA suggest the behaviour of a number of minerals (Si, 
Al, Ca, Zr, Ti, Sr, Ni) is related to lithogenic factors, whilst grain size seems to have 
an influence on Si, Cl, Br, Al, Zr, Fe, Ca, K, S, Ni, Pb, Zn, Hg, Cd, Rb, Sr, PAHs, 
and PCBs. There also seems to be a diagenetic control on Fe, Mn, Br, Cl, Si, Pb, Zn, 
Cr. Pb, Zn, Cd, Hg, PCBs and PAHs would appear to be related to pollution input in 
the estuary.
The main pollutant metals show a general decrease in concentration towards the 
surface of the core, but this is not repeated for the PCBs and PAHs.
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CHAPTER 6
OGLET BAY CHANNEL CORE RESULTS
The following chapter is a description of the results from the sediment core taken 
from the Channel core location on the Oglet Bay saltmarsh. It shows the downcore 
profiles of particle size, magnetic and metal distribution and also provides a 
description of the statistical analysis carried out on the data (Correlation coefficients 
and Principal Component Analysis).
6.1 Channel Core Particle Size Analysis
Particle size distribution data indicate the sediments are, for the most part, unimodal, 
poorly sorted and a mix of very fine sand and very coarse silt (Figure 22). Using the 
Folk and Ward (1957) description they are poorly sorted, finely skewed, mesokurtic 
coarse silt (Figure 23a-d). Mean grain size shows an overall increase down core with 
some variation in the degree of skewness, although never strongly skewed either 
way. The majority of the sediment is mud with around 20% sand (Figure 23e). The 
relative percentage of sand increases towards the bottom of the core, whilst the 
percentage of mud decreases sympathetically.
Sand
Silty SandClayey Sand Muddy Sand
Sandy Mud
Figure 22: Channel core particle size distribution.
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Figure 23a-e: Channel core particle size.
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6.2 Channel Core Element Data
Si (Fig 24a) concentration show lower concentrations at 3cm, 6-12cm and again at 
18-25cm. They are below ASV.
A1 (Fig 23b), Ti (Fig 23c), K (Fig 24e), Sr (Fig 24s) and Fe (Fig 24g) values are 
below ASY and remain fairly constant downcore with only subtle variation.
Ca (Fig 23d) concentrations are above ASV and show a slight decrease downcore, 
but with more marked decreases at 3cm and 12cm.
S (Fig 24f) shows a slight decrease in the top 4cm of the core, followed by a marked 
increase in concentration with depth to 26cm, where levels decrease to 32cm and 
then show a slight increase at the very bottom of the core.
Mn (Fig 23h) values are slightly above ASV and fluctuate in the top part of the core. 
At 25cm they show a decrease and are below ASV at 27cm. At 30cm they show a 
return to values around ASV towards the bottom of the core.
Cl (Fig 24i) values increase in the first 2cm, then show a decrease to 5 cm followed 
by an increasing concentration to 11cm. They then fluctuate considerably downcore 
with a high at 20cm, but the trend is an overall decrease. Concentrations are well 
above ASV.
Rb (Fig 24j) concentrations decrease to 5cm, at which point they show an increase to 
14cm. Concentrations fluctuate considerably downcore and are below ASV.
After an initial increase in the top 5 cm, Zr (Fig 24k) shows an overall decrease to 
14cm followed by a slight downcore increase. Concentrations are well above ASV.
The concentrations of Y (Fig 241) fluctuate wildly downcore but are above ASV.
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Br (Fig 24m) values are well above ASV and show an overall decrease with depth. 
Two large fluctuations are increases at 10cm and 25cm and decreases at 5cm and 
21cm. These trends are similar to those of LOI (Fig 24t) where the values are 
generally lower below 25cm. % LOI shows a slight overall downcore decrease. 
However, there is a larger decrease at 19cm and another at 27cm.
Cd (Fig 24n), Pb (Fig 24r) and Zn (Fig 24q) are all above ASV and show similar 
increases in concentration with depth, particularly at 10cm, 22cm and 35cm. Hg (Fig 
18o) also increases with depth and is above ASV but fluctuates more in the top part 
of the core than Cd, Zn or Pb.
Ni (Fig 24p) values fluctuate considerably downcore but concentrations are generally 
below ASV.
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Fig 23m: Br jig/g Fig 24p: Ni fig/g Fig 24n: Cd pg/g
Figure 24a-r: Channel Core Element Concentrations (Average Shale Values (ASV) are shown in 
black for comparison with potential natural background concentrations, the data shown in blue are 
from the upper marsh sediments).
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6.3 Channel Core Magnetics Data
There is a slight overall downcore increase in xlf (Fig 25a), SIRM (Fig 25b) and Soft 
(Fig 25i) values. They show subtle peaks at 6cm, 24cm and 29cm depth.
XARM (Fig 25c), xARM/SIRM (Fig 25d) and xARM/xlf (Fig 25f), values decrease 
slightly downcore but there is a peak between 9cm and 12cm. This is likely to be due 
to the influence of grain size, the higher values indicating the presence of finer 
grains.
SIRM/xlf (Fig 25e) values are fairly consistent with depth but there is a slight peak at 
7cm. HIRM (Fig 19g) and Hard % (Fig 19h) values are fairly constant with depth but 
both show a large peak at 7cm.
FD% (Fig 25j) values increase in the top part of the core and then fluctuate around 
2% down to 20cm where there is a peak followed by a considerable drop in the 
values. There is another large drop at 31cm.
-20mT values fluctuate slightly downcore with a peak at 7cm and a drop at 25cm. - 
300mT IRM reverse values are constant with depth except for a drop at 7cm (Fig 
25k). There is no evidence of significant backfield divergence down-core.
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Figure 25a-k: Channel Core Magnetics Data.
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6.4 Channel Core Correlations
Positive and negative correlations were considered at both 0.01 and 0.05 levels of 
significance. SPSS highlighted both strong correlations and those with a weaker but 
significant link. Correlations were taken to be strongly significant if they were over 
0.7, i.e. 49% or more of the variance could be explained by the correlation. However, 
weaker correlations (under 0.7) that have been highlighted by SPSS as showing a 
significant relationship within the data have also been discussed.
6.4.1 Channel Core Element Correlations (See appendix 1)
Si shows a weak positive correlation at the 0.01 significance levels with the Al, Ca, 
Zr, % very coarse silt, SIRM/ARM and Soft and a weak negative correlation with Fe, 
Mn, Cl, Br, Rb, LOI, Sorting, Skewness, % medium silt, % fine silt, % very fine silt, 
X.ARM, xARM/SIRM, %ARM/xlf, ARM. At the 0.05 significance level Si shows a 
weak positive correlation with xlf, SIRM, -20mT and HIRM and a weak negative one 
with Pb and % clay.
Al shows a weak positive correlation at the 0.01 level with Si, Ca, SIRM/ARM and 
% very coarse silt and a weak negative correlation with %ARM, ARM, Sorting and 
skewness. It also shows a weak positive correlation at the 0.05 level of significance 
with Zr, HIRM, Soft and -20mT and a weak negative one with Fe, Br, LOI, % very 
fine silt, xARM/SIRM and xARM/xlf.
Ti shows a strong positive correlation with K at the 0.01 significance level.
Ca shows a weak positive correlation with Si and Al and a weak negative correlation 
with Pb at the 0.01 significance level. At the 0.05 significance level it shows a weak 
positive correlation with Sr and Hard % and a weak negative one with Zn, Hg, 
XARM, ARM and -300mT.
K shows a weak positive correlation at the 0.01 level with Fe, Pb, Zn, xARM and 
ARM and a strong positive correlation with Ti. At the lower 0.05 significance level it 
shows a weak positive correlation with Cl and sorting.
133
Fe shows a weak positive correlation at the 0.01 level with K, Mn, S, Pb, Br, Rb, 
LOI, Sorting, Skewness, xAR^h x^RM/xlf and ARM, a strong
positive correlation with Cl and a weak negative one with Si, Zr, % very coarse silt 
and SIRM/ARM. At the 0.05 significance level it shows a weak positive correlation 
with Zn, and % fine sand and weak negative one withAl and HIRM.
Mn shows a weak positive correlation (at the 0.01 level) with Fe, Cl, Sr, LOI, xARM, 
XARM/SIRM, xARM/xlf, ARM, skewness, % medium silt and % fine silt and a 
strong positive one with Br. It also shows a weak negative correlation with Si, %lf, 
SIRM, Soft, % medium sand and % very coarse silt and a strong one with Cr and 
SIRM/ARM. At the 0.05 level of significance it shows a weak positive correlation 
with Rb, Cd, % veiy fine silt and % FD and a weak negative one with mean grain 
size.
S shows a weak positive correlation, at the 0.01 level, with Fe, Cl, Pb, Zn, Rb, Cd, 
mean grain size, % sand and -300mT, a strong one with % fine sand and a weak 
negative one with Zr, Hard %, % mud, % fine silt, % very fine silt and % clay. It also 
shows a weak positive correlation at the 0.05 level with kurtosis and a weak negative 
one with % medium silt and HIRM.
At the 0.01 significance level Cl shows a weak positive correlation with Mn, S, Pb, 
Rb, LOI and skewness, % fine sand, xARM, xARM/SIRM, xARM/xlf and ARM, a 
strong positive one with Fe, a weak negative correlation with Si and SIRM/ARM and 
a strong negative one with Zr. At the lower level of significance (0.05) it shows a 
weak positive correlation with K, Zn and Br and a weak negative one with % coarse 
silt.
Pb shows a weak positive correlation at the 0.01 level with K, Fe, S, Cl, Cd, % fine 
sand, xJf, SIRM and -300mT, a strong positive one with Zn and a weak negative 
correlation with Ca, and Hard %. At the 0.05 level of significance it shows a weak 
positive correlation with Rb, Hg, kurtosis, xARM and ARM and a weak negative one 
with Si, Zr and Sr.
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Zn shows a strong positive correlation at the 0.01 level with Pb, and weak positive 
correlations with K, S, Cd, % fine sand, xlf and SIRM. It shows a weak negative 
correlation with Zr. At the 0.05 level of significance it shows a weak positive 
correlation with Fe, Cl, Rb, %ARM, ARM, Soft and -300mT and a weak negative one 
with Ca and Hard %.
Br shows a weak positive correlation at the 0.01 level with Fe, Rb, Sr, xlfi X^RM, 
XARM/SIRM, xARM/xlf, ARM, % medium silt, % fine silt and % very fine silt. It 
shows strong positive correlations with Mn and LOL Br exhibits weak negative 
correlations with Si, Zr, Cr, SIRM, Soft, mean grain size, kurtosis, % medium sand, 
% very coarse silt, and a strong negative correlation with SIRM/ARM. At the 0.05 
level of significance it shows a weak positive correlation with Cl and FD% and a 
weak negative one with A1 and % coarse sand.
Zr shows a weak positive correlation at the 0.01 level with Si, LOI, SIRM/ARM, - 
20mT and % very coarse silt, a weak negative one with Fe, S, Zn, Br, Rb, xARM, 
XARM/SIRM, xARM/xlf, ARM, soiling, skewness and % fine sand and a strong 
negative one with CL At the 0.05 level it shows a weak positive correlation with A1 
and Soft and a weak negative one with Pb.
Rb shows a weak positive correlation at the 0.01 level with Fe, S, Cl, Br, xARM, 
XARM/SIRM, xARM/xlf and ARM and a weak negative correlation with Si, Zr and 
SIRM/ARM. At the 0.05 level it shows a weak positive correlation with Mn, Pb and 
Zn and a weak negative one with Al, % very fine sand and % very coarse silt.
Sr shows a weak positive correlation with Mn, Br, LOI, %lf, xARM/SIRM and 
xARM/xlf and it has weak negative correlations with Kurtosis, % very coarse silt, 
SIRM and SIRM/ARM at the 0.01 level. It shows a weak positive correlation with 
Ca, Fe, Skewness, % medium silt, % fine silt, % very fine silt and FD% and a weak 
negative one with Pb, Cr, Y, % coarse sand and soft at the 0.05 level of significance.
Cr shows a weak positive correlation at the 0.01 level with Kurtosis, %\f, SIRM, 
SIRM/ARM and soft, a strong positive one with Mn and a weak negative one with 
Br, LOI, % medium silt, xARM/SIRM and xARM/xlf. At the 0.05 level of
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significance it shows a weak positive correlation with Cd, Mean grain size, % very 
coarse silt, and -300mT and a weak negative one with Sr, Skewness, % fine silt, % 
very fine silt and Hard %.
Ni has a weak positive correlation at the 0.05 level with Hg.
Y is has a weak negative correlation with Sr at the 0.05 level.
LOI shows a weak positive correlation at the 0.01 level with Fe, Mn, Cl, Rb, Sr, 
Mean grain size. Skewness, % medium silt, % fine silt, % very fine silt, % clay, 
XARM and ARM, a strong positive correlation with Br, xARM/SIRM and xARM/xlf, 
a weak negative one with Si, Zr, Cr, kurtosis, % medium sand, % very coarse silt, %l f, 
SIRM and Soft and a strong negative correlation with SIRM/ARM. It shows a weak 
positive correlation with sorting and a weak negative one with A1 and -20mT at the 
0.05 level.
Cd shows weak positive correlations at the 0.01 significance level with S, Pb, Zn, 
mean grain size, kurtosis, % sand, % fine sand and SIRM and a weak negative 
correlation with % mud, % medium silt, % fine silt and % very fine silt. At the lower 
0.05 level of significance it shows a weak positive correlation with Cr, % very coarse 
silt and xlf and a weak negative one with Mn and % clay.
Hg shows a weak positive correlation with Pb and Ni and a weak negative one with 
Ca at the 0.05 level.
6.4.2 Channel Core Magnetic Correlations (See appendix 1)
Xlf shows a weak positive correlation with mean grain size, kurtosis, % medium sand 
and % very coarse silt, a strong positive one with SIRM, SIRM/ARM and Soft, a 
weak negative one with Skewness, % fine silt, % very fine silt, % clay and ARM and 
a strong negative correlation with % medium silt, xARM/SIRM and xARM/xlf at the 
0.01 level. It shows a weak positive correlation with % sand and -300Mt and weak 
negative one with % mud, FD% and Hard % at the 0.05 level.
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%FD shows a weak negative correlation with SIRM/ARM at the 0.01 level of 
significance. At the 0.05 level of significance it shows a weak positive correlation 
with xARM/SIRM and %ARM/%lf and a weak negative one with Kurtosis, % medium 
sand, % very coarse sand, SIRM.
SIRM shows a weak positive correlation with Mean Grain Size, kurtosis, % medium 
sand and % very coarse silt, a strong positive correlation with xlf SIRM/ARM and 
Soft, a weak negative one with Skewness, % medium silt, % fine silt, % very fine silt 
and a strong negative correlation with xARM/SIRM and xARM/%lf at the 0.01 
significance level. At the 0.05 significance level it shows a weak positive correlation 
with % sand and a weak negative one with % mud, % clay and FD%.
At the 0.01 level of significance %ARM shows a weak positive correlation with 
Sorting, % medium silt, % fine silt, % very fine silt and % clay and a strong positive 
correlation with Skewness, xARM/SIRM, xARM/xlf and ARM. It has a weak 
negative correlation with Mean grain size and SIRM and strong negative one with % 
very coarse silt and SIRM/ARM. It shows a weak negative correlation with % very 
fine sand. Soft and -20mT at the 0.05 Level.
XARM/SIRM shows a weak positive correlation with % clay and Sorting, a strong 
positive one with Skewness, % medium silt, % fine silt, % veiy fine silt, xARM, 
XARM/xlf and ARM, a weak negative correlation with mean and % very fine sand, 
and a strongly negative one with Kurtosis, % very coarse silt, %lf, SIRM, 
SIRM/ARM and soft at the 0.01 level. It is shows a weak positive correlation with 
% mud and FD% and a weak negative one with -20mT, % medium sand and % sand 
at the 0.05 level.
SIRM/xlf shows a weak positive correlation with Hard % and a strong positive one 
with HIRM at the 0.01 level. At the 0.05 level it shows a weak negative one with - 
300mT.
xARM/xlf shows a weak positive correlation with Sorting, a strong positive 
correlation with skewness, % medium silt, % fine silt, % very fine silt, % clay, 
XARM, xARM/SIRM and ARM, a weak negative correlation with mean grain size.
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% very medium sand and % very fine sand and a strong negative correlation with 
kurtosis, % very coarse silt, %lf, SIRM, SIRM/ARM and Soft at the 0.01 level of 
significance. At the 0.05 level it shows a weak positive correlation with % mud and 
FD% and a weak negative one with % sand and -20mT.
HIRM shows a strong positive correlation with Hard % and SIRM/xlf and a strong 
negative one with -300mT at the 0.01 level. At the 0.05 level it shows a weak 
positive correlation with Soft and -20mT and a weak negative one with % fine sand.
At the 0.01 level Hard % shows a weak positive correlation with SIRM/xlf, a strong 
positive one with HIRM, a weak negative one with % fine sand and a strong negative 
one with -300mT. At the 0.05 level it shows a weak positive correlation with % mud 
% and a weak negative one with mean grain size, kurtosis, % sand and xlf
ARM shows a weak positive correlation with Sorting, % medium silt, % fine silt, % 
very fine silt and % clay, a strong positive one with skewness, xARM, xARM/SIRM, 
xARM/xlf, a weak negative correlation with mean grain size and kurtosis and a 
strong negative one with % veiy coarse silt and SIRM/ARM at the 0.01 level. It 
shows a weak negative correlation with % very fine sand, soft and ~20mT at the 0.05 
level.
SIRM/ARM shows a weak positive correlation with mean grain size, a strong 
positive one with kurtosis, % very coarse silt, xlf, SIRM and Soft, a weak negative 
one with sorting, % clay and FD% and a strong negative correlation with Skewness, 
% medium silt, % fine silt, % very fine silt, xARM, xARM/SIRM and xARM/xlf at 
the 0.01 level. It shows a weak positive correlation with % very fine sand at the 0.05 
level.
At the 0.01 level of significance Soft shows a weak positive correlation with Mean 
grain size, kurtosis, % very coarse silt and -20mT and a strong positive one with xlf, 
SIRM and SIRM/ARM. It shows a weak negative correlation with Skewness, % 
medium silt, % fine silt, % very fine silt and % clay and a strong negative one with 
XARM/SIRM and xARM/xlf At the 0.05 level it shows a weak positive correlation
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with % very fine sand and HIRM and a weak negative one with Sorting, %ARM and 
ARM.
-20mT exhibits a weak positive correlation with Soft, and a weak negative one with 
Sorting at the 0.01 level. At the 0.05 level it shows a weak positive correlation with 
HIRM and a weak negative one with Skewness, % fine sand, %ARM, ^ARM/SIRM, 
%ARM/%lf and ARM.
-300mT shows a weak positive correlation with % fine sand, a weak negative one 
with SIRM/xlf and a strong negative correlation with HIRM and Hard % at the 0.01 
level. It shows a weak positive correlation with Mean grain size, % sand and xlf and 
a weak negative one with % mud at the 0.05 level.
Again, despite the highly dynamic tidal channel setting of this core, these 
correlations suggest a clear grain-size influence on the magnetic properties of the 
sediment record (as will be discussed in the interpretations section).
6.5 Principal Component Analysis Channel Core
Multivariate statistical analysis using Principal Component Analysis (PCA) was 
undertaken in an attempt to establish relationships between organic matter, grain size 
and elements. The results of this are given below as a series of bivariate plots and 
associated eigenvectors and eigenvalues.
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6.5.1 Channel Core Element, Organic Matter and Grain Size PCA
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Figure 26: PCA Scatter plot of Eigenvectors comparing elements, organic matter and grain size. The 
relationship between PCA 1 (which explained 66.4% of the total variance) and PCA 2 (which 
explained a further 21.1%) is shown, along with graphical representations of the contributions of the 
original variables to both PC I and PC 2.
There appears to be 2 main groupings in the behaviour of the metals. Zr, Si and A1 
stand out as one group and could be related to lithogenic inputs. Zn, Pb Ni (and to a 
lesser degree Hg and Cd) would appear to suggest an input of pollution that is not 
related to grain size or mineral vs. organic content. A third grouping (Rb, Sr, Br) 
appears to illustrate a loose association between grain size (i.e. fine grain size) and
organic matter.
Eigenvalues
PC Eigenvalues %Variation Cum.% Variation
1 4.13E3 66.4 66.4
2 1.31E3 21.1 87.5
3 234 3.8 91.3
4 207 3.3 94.6
5 137 2.2 96.8
The first 3 components account for 91% of the variation in the data
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Eigenvectors
(Coefficients in the linear combinations of variables making up PC's)
Variable PCI PC2 PC3 PC4 PCS
Si -0.087 0.233 -0.589 0.031 0.066
Al -0.010 0.032 -0.109 -0.014 -0.033
Ti 0.000 0.001 0.001 0.001 0.000
Ca -0.013 -0.005 -0.090 0.036 -0.014
K 0.007 0.003 0.009 0.004 -0.005
Fe 0.016 -0.025 0.054 0.030 -0.015
Mn 0.000 -0.002 0.004 0.002 -0.002
S 0.015 -0.010 -0.006 -0.005 0.009
Cl 0.010 -0.018 0.009 0.004 0.011
Pb 0.348 0.138 0.477 -0.307 0.531
Zn 0.843 0.351 -0.198 0.106 -0.297
Br -0.006 -0.259 0.192 0.267 -0.357
Zr -0.377 0.828 0.296 0.082 -0.239
Rb 0.109 -0.163 0.444 0.010 -0.486
Sr -0.018 -0.140 -0.118 0.262 -0.153
Ni 0.065 0.046 0.158 0.863 0.410
Hg 0.001 0.002 0.007 0.003 0.011
Cd 0.003 0.001 -0.008 -0.008 0.004
LOI % 0.002 -0.028 0.015 0.018 -0.017
% Sand 0.014 0.011 -0.036 -0.004 0.076
% Mud -0.014 -0.011 0.036 0.004 -0.076
6.6 Chapter Summary
Due to the dynamic nature of the environment in which this core was collected it is 
likely that the strength of many of the relationships within the data has been 
weakened due to physical mixing. This could explain why many of the correlations 
calculated for this core fall below the selected 0.7 threshold. There are several that 
are over 0.6, which could indicate a relationship of some importance within the data.
The dominant magnetic mineral is magnetite. There is an increase in mean grain size 
downcore and a decrease in the amount of organic matter present. Even with the low 
correlations, it is still possible to identify correlations linked to lithogenic controls 
(Al, Si, Ca, Zr), sediment grain size (Ca, Zr, Si, Ti, K, Fe, S, Rb, Pb, Zn, Cd), organic 
matter (Mn, Br, Cl, Fe, Rb) and diagenetic behaviour (Fe, Mn and S) (see 
interpretations section). Pollution metals (Cd, Hg, Pb and Zn) show increasing 
concentrations downcore.
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CHAPTER 7
SPEKE HALL LAKE RESULTS
The following chapter is a description of the results from the sediment core taken 
from the lake at Speke Hall. It shows the downcore profiles of particle size, 
magnetic, metal, PCB and PAH distribution and also provides a description of the 
statistical analysis carried out on the data (correlation coefficients and Principal 
Component Analysis and comparison of the treated and untreated data).
7.1 Speke Hall Lake Particle Size Analysis
Particle size distribution data indicate the sediments are unimodal, poorly sorted, 
very coarse fine silty sand. Using the Folk and Ward (1957) description they are 
poorly sorted, negatively skewed, leptokurtic with a mix of fine sand and very fine 
sand (fig 28b-c). Mean grain size (fig 28a) shows an overall decrease down core with 
some variation in the degree of skewness. The majority of the sediment is sand (Fig 
20), with some mud. The relative percentage of sand decreases towards the bottom of 
the core while the percentage of mud increases (fig 28e).
Sand
MuddyClayey
Sand %
Sandy SitSandy MudSandy Clay
Figure 27: Speke Hall Lake Particle Size Distribution.
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Fig 28c: Kurtosis
Fig 28d: Sorting Fig 28e: % Sand and % Mud
Figure 28a-e: Speke Hall Lake Particle Size.
7.2 Speke Hall Lake Sediment Element Data
Si (Fig 29a) shows a gradual downcore increase from 95mg/g at the surface to 
129mg/g at the bottom of the core and all values are well below the ASV. Both 
treated and untreated sediment exhibit similar trends.
A1 (Fig 29b) values gradually increase towards the bottom of the core. The untreated 
sediment concentrations are lower than the treated sediment concentrations but are 
within analytical uncertainty.
Ti (Fig 29c) and K (Fig 29e) show a steady downcore value with very little 
fluctuation in concentrations, and are well below ASV.
Ca (Fig 29d) shows a slight decrease in concentration form the top of the core to 
around 18cm depth, at which point its concentration increases towards the bottom of
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the core, to around 27cm where it decreases again to 30cm and then starts to increase 
again. The concentrations are above ASV throughout the core.
The concentration of S (Fig 29f) is also well above ASV and decreases to around the 
17cm mark, before it then starts to increase towards the bottom of the core. The 
untreated sediment concentrations are marginally lower than the treated sediment 
concentrations.
Fe (Fig 29g) sediment concentrations show a very slight overall increase downcore. 
The untreated sediment concentrations are lower than the treated sediment 
concentrations and values are well below ASV.
Mn (Fig 29h) values remain fairly constant down to 23-24cm after which they 
increase to the bottom of the core. The untreated sediment concentrations are lower 
than the treated sediment concentrations. Values are well below ASV.
P (Fig 291) concentration is well above ASV and exhibits a downcore decrease to 
9cm, it then remains constant to 28cm where it starts to increase in concentration 
again. The untreated sediment concentrations are lower than the treated sediment 
concentrations.
Ba (Fig 29j) values show a slight increase downcore. They are well below ASV.
Br (Fig 29k) fluctuates downcore and is well above ASV. The untreated sediment 
concentrations are lower than the treated sediment concentrations.
Mg (Fig 29i) values are fairly constant downcore and well below ASV.
As (Fig 29m), Cd (Fig 29n), Zn (Fig 29q), Pb (Fig 29r) and Ni (Fig 29p) values 
increase downcore. As, Cd, Pb and Zn are all well above ASV. Ni values are below 
ASV down to 25cm where they increase to over ASV. The Zn concentrations in the 
untreated sediment are lower than the treated sediment concentrations.
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Hg (Fig 29o) concentrations are above ASV and fluctuate downcore. There appears 
to be a slight overall downcore increase with this trend being more obvious in the 
treated sediment samples.
Cr (Fig 29s) concentrations are below ASY and remain relatively constant downcore.
Cu (Fig 29t) concentrations are above ASV and exhibit a slight down core increase. 
The treated sediment show periodic high concentrations of Cu, suggesting that the 
ultrasonic extinction process may have enhanced the Cu in some sediments, whilst 
the untreated sediment shows a fairly stable down core increase.
Y (Fig 29y) increases downcore and concentrations are below ASV.
Rb (Fig 29v) and Sr (Fig 29w) values are below ASV and fairly constant downcore. 
Rb shows a slight increase towards the centre of the core and Sr increases slightly 
towards the bottom of the core.
Zr (Fig 29u) values show a downcore increase to around 25-26cm, followed by a 
decrease.
V (Fig 29x) shows a downcore increase and is below ASV. However, towards the 
bottom of the core the values are approaching ASV.
LOI (Fig 29z) shows a decrease downcore.
The metals Ca, S, Br, P, As, Cd, Hg, Ni (towards the bottom of the core), Zn, Pb and 
Cu are all found at concentrations above ASV. Of these the higher concentrations of 
As, Cd, Hg, Ni, Zn, Pb and Cu are almost definitely due to pollution inputs. High 
levels of S and Br can also be a result of a pollutant input, or can be due to natural 
processes.
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Fig 29a: Si mg/g Fig 29b: Al mg/g Fig 29c: Ti mg/g
Fig 29g: Fe mg/g Fig 29h: IMn mg/g Fig 29k: Br jig/g
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Figure 29a-z: Speke Hall Lake Element Concentrations. Average Shale Values (ASV) are shown in 
black as an indicator of unpolluted background sediment metal levels. The data shown in blue is from 
lake sediment samples that have been extracted for PCB and PAH analysis before the metal data were 
collected and the data shown in red is from sediment that had not been extracted for PCBs and PAHs.
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7.3 Comparison of the Treated and Untreated Samples
The two sets of metal data were compared using a matched pair T-test and a 
Wilcoxon Matched Pair Test (Table 3). The metals that did not show a significant 
difference before and after extraction are highlighted in bold. There was a significant 
difference between the values of all the pre-extracted (treated) sediment and the 
untreated sediment except for Ba, Cd, Pb, Y and LOT
Matched Pair T Test Wilcoxon matched 
pairs test
T Significance 
(2 tailed)
Z Asymp.
Sig. (2- 
tailed)
Si treated - Si untreated 3.251 0.003 -2.841 0.004
A1 treated - A1 untreated 17.395 0.000 -4.860 0.000
Ti treated - Ti unseated 3.408 0.002 -3.331 0.001
Ca treated - Ca unseated 2.318 0.027 -2.430 0.015
Mg treated - Mg untreated 6.899 0.000 -4.370 0.000
K treated - K untreated 4.904 0.000 -3.959 0.000
Fe treated — Fe untreated 8.169 0.000 -4.860 0.000
Mn tr eated - Mn untreated 7.649 0.000 -4.840 0.000
S treated - S untreated 8.176 0.000 -4.782 0.000
P tr eated - P untreated 12.435 0.000 -4.860 0.000
As treated - As untreated 3.238 0.003 -3.028 0.002
Ba treated - Ba untreated 0.716 0.479 -0.696 0.486
Br treated - Br untreated 7.126 0.000 -4.796 0.000
Cd tr eated - Cd untreated 0.061 0.951 -0.019 0.985
Cr treated - Cr untreated 3.225 0.003 -2.879 0.004
Cu treated - Cu untreated 4.510 0.000 -4.843 0.000
Hg treated - Hg untreated 3.470 0.002 -3.067 0.002
Ni treated - Ni untreated 5.234 0.000 -4.297 0.000
Pb treated - Pb unseated -1.080 0.289 -1.060 0.289
Rb treated - Rb untreated -2.988 0.006 -2.646 0.008
Sr tr eated - Sr untreated -2.885 0.007 -2.835 0.005
V treated - V untreated 2.812 0.009 -2.858 0.004
Y tr eated - Y untreated 0.069 0.945 -0.340 0.734
Zn treated - Zn untreated 7.453 0.000 -4.860 0.000
Zr treated - Zr untreated -3.176 0.003 -3.036 0.002
LOI tr eated - LOI untreated -0.502 0.619 -0.882 0.378
Table 3: T-test and Wilcoxon matched pair test results for metal extraction comparison.
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7.4 Speke Hall Lake Magnetics Data
Magnetic Susceptibility (x) (Fig 30a), Kappa Susceptibility (Fig 30a), Soft (Fig 30i) 
and SIRM (Fig 30b) show a slight decrease in the top layers of the core followed by 
an increase to 27-28cm at which point they begin to decrease downcore. SIRM 
fluctuates more than %\f and Kappa. HIRM (Fig 30g) exhibits a similar trend to 
SIRM. All these parameters are measurements of magnetic concentrations within the 
sediment. Soft and SIRM are measures of the amount of magnetite found, whilst 
HIRM and Hard% (Fig 30h) indicate the contribution of haematite and goethite.
XARM (Fig 30c), xARM/SIRM (Fig 30d) and xARM/xlf (Fig 300 show similar 
downcore trends, with an initial decrease from the surface followed by an increase to 
19-20cm followed by a decrease towards the bottom of the core. SIRM/xlf (Fig 30e) 
shows a similar pattern. These parameters can be used to assess the grain size of the 
sediment.
Hard% shows an overall downcore decrease but there is considerable variation 
throughout the core. FD% (Fig 30j) fluctuates considerably downcore and is a 
measure of the paramagnetic and superparamagnetic content of the sediment.
IRM reverse (Fig 30k) values exhibit relatively constant downcore values and there 
is no evidence of any real backfield divergence. IRM can be used as an indicator of 
the concentration of iron sulphide in the sediment.
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Figure 30a-k: Speke Hall Magnetics data.
151
588
558
7.5 Speke Hall Lake PCB Data
All PCBs (Figure 31a-u) exhibit an increase in concentrations towards the bottom of 
the part of the core. Between 10cm and 13cm they all show very low stable 
concentrations in the sediment and another low concentration in most PCBs can be 
seen at 19cm and 25cm. The final concentration at the bottom of the core seems to be 
decreasing overall. PCBs 18, 28, 52, 49 and 44 show an overall decrease to 10-11cm 
(with the exception of a peak at 8.5cm) followed by a stable profile between 10 and 
13cm. they then show an increase in concentration to 18-19cm followed by another 
decrease to 25cm where they start to increase again towards the bottom of the core.
PCB 47, 105, 141 and 170 have much lower concentrations in the top part of the core 
and PCB 170 also exhibits very low concentrations between 18 and 25cm depth.
Figure 32 shows the downcore 5cm combined sample mean distribution of PCB 
congeners.
Figure 33 shows the mean 5cm combined % distribution of PCB chlorinated groups 
which are dominated by the tri, tetra and hexa chlorinated congeners.
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Fig 31a: PCB 18 ng/g Fig 31b: PCB 28 ng/g Fig 31c: PCB 44 ng/g
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Figure 3 la-u: PCB concentrations are shown in black and the general downcore trends can be seen 
as a 3 point running mean in red.
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Figure 32: Downcore % Variation of PCB congeners. Values were calculated by combining a number 
of downcore sections and calculating mean % of the Total PCB concentration of each congener.
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7.6 Speke Hall Lake PAH Data
7.6.1 PAH Downcore Distribution
PAH concentrations fluctuate downcore (Figure 34a-o). However, there appears to 
be an overall increase in concentrations to around 30cm depth at which point they 
appear to start to decrease.
Phenanthrene, Anthracene, Fluoranthene, Pyrene, Chrysene, Benzo[a]anthracene, 
Benzo[b] fluoranthene, Benzo [a] pyrene, Indeno[l,2,3-cd]pyrene, benzo[ghi]perylene 
and dibenz[ah]anthracene seem to exhibit similar trends with decreases in 
concentrations at 8cm, 13cm, 19cm, 22cm and 32cm. This trend can also be seen in 
Acenaphthene and Fluorene, although it is not as obvious.
Fig 34a: Acenaphthene pg/g Fig 34b: Fluorene pg/g Fig 34c: Phenanthrene pg/g
Fig 34d: Anthracene pg/g Fig 34e: Fluoranthene pg/g Fig 34f: Pyrene pg/g
157
C
or
e d
ep
th
 cm
 
C
or
e d
ep
th
 cm
 
C
or
e d
ep
th
 cm
Fig 34g: Chrysene jig/g Fig 34h: Fig 34i:
Benzo(a|Anthracene ng/g Benzo|b|fluoranthene ng/g
Fig 34j:
Benzo[k|fluoranthene
^g/g
Fig 34k: Benzo|a|pyrene Fig 341: Indeno[l,2^- 
pg/g cd|pyrene pg/g
Fig 34m:
Benzo|ghi]perylene pg/g
Fig 34n:
Dibenzejah (anthracene 
Pg/g
Fig 34o: Total PAH pg/g
Figure 34a-o: PAH concentrations are shown in black and the general downcore trends can be seen 
as a 3 point running mean in red.
158
Figure 35 shows the mean 5cm sample downcore PAH percentage distribution 
dominated by the higher molecular weight PAHs.
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Figure 35: % downcore distribution of PAHs. Values were calculated by combining a number of 
downcore sections and calculating mean % of the Total PAH concentration of each individual PAH.
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7.6.2 PAH Ratios
PAH ratios (Figure 36a-i) have been used to in an attempt to identify the potential 
sources of PAHs into the environment.
The Indeno[l,2,3-cd]pyrene/ (indeno[l,2,3,-cd]pyrene + Benzo [ghi] perylene) ratio 
is fairly stable downcore except for a major decrease at 20cm. Fluorene/(Fluorene + 
Pyrene) exhibits peak at 2cm, 18cm and a increase at the very bottom of the core. 
Benzo[a]pyrene/ (Benzo[ajpyrene + Chrysene) decreases slightly downcore with the 
exception of peaks at 7cm and 14cm. Fluoranthene/Pyrene fluctuates downcore. 
Benzo[b]fluoranthene/ Benzo[k]fluoranthene is fairly stable downcore except for a 
large peak at 12cm. Benzo [a] pyrene/ Benzo[ghi]perylene shows a slight overall 
downcore decrease but has a large peak at 12cm and a large dip at 19cm. Pyrene / 
Benzo [a] pyrene fluctuates downcore. Indeno[l,2,3-cd]pyrene/ Benzo [ghi] perylene 
shows an overall downcore decrease with a major dip at 19cm. CPAH/TPAH shows 
a fairly steady downcore trend with a slight dip at 19cm and a small peak at 29cm.
Fig 36a: Indeno| 1,2,3- 
cdjpyrene/ (indeno|l,2,3»- 
cd|pyrene + Benzo [ghi| 
perylene)
Fig 36b: Fig 36c: Benzo|a|pyrene/
Fluorene/(Fluorene + (Benzoja|pyrene +
Pyrene) Chrysene)
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Figure 36: Speke Hall Lake PAH ratios ( CPAH = sum of non-alkylated compounds (Fluorene + 
Pyrene + Benzo[a] anthracene + Chrysene + Benzo [bjfluoranthene + Benzo[k]fluoranthene + 
Benzo[a]pyrene + indeno[ 1,2,3-cd]pyrene + benzo[ghi/perylene).
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7.7 Speke Hall Lake Organic Matter Data
TOC % is an indication of the levels of organic carbon in the sediment and C/N is a 
ratio showing how the levels of organic carbon and nitrogen change with depth. TOC 
% shows a similar profile (albeit with a little more fluctuation in values) to LOl 
except for in the first 5cm, where it shows a downcore increase and LOI shows a 
decrease. C/N ratio shows a downcore increase (Fig 37).
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Figure 37: Speke Hall TOC and C/N data.
7.8 Speke Hall Correlations
Positive and negative correlations were considered at both 0.01 and 0.05 levels of 
significance. SPSS highlighted both strong correlations and those with a weaker but 
significant link. Correlations were taken to be strongly significant if they were over 
0.7, i.e. 49% or more of the variance could be explained by the correlation rather 
than by coincidence. However, weaker correlations (under 0.7) that have been 
highlighted by SPSS as showing a significant relationship within the data have also 
been discussed. All the metal correlations discussed here are for the ‘untreated'1 
sediment cores.
7.8.1 Speke Hall Lake Element Correlations (See appendix 1)
Si shows a weak but positive correlation at the 0.01 significance levels with the A1 
and a negative but weak correlation with LOI. At the 0.05 significance level Si 
shows a weak positive correlation with Ti, Mg and Zr.
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A1 shows a weak positive correlation at the 0.01 level with Si and a strong positive 
correlation with Mg, It also shows a weak positive correlation at the 0.05 level of 
significance with Ti, K, %ARM SIRM/xlf, ARM and a weak negative correlation with 
“20mT and Pyrene.
Ti shows a weak but positive correlation with Zr, %ARM, Kappa, HIRM, SIRM, 
ARM and soft, a strong positive correlation with K, a weakly negative correlation 
with Mn and P and strong negative correlation with S at the 0.01 significance level. 
At the 0.05 level of significance it shows a weak positive correlation with Si, Al, Rb, 
% sand, and % fine sand and is weak negative one with Cu, Sr, ~20mt, % Mud, % 
coarse silt, % medium silt, % fine silt and % clay.
Ca is shows a weak positive correlation with S, Y, -20mT, PCB 47, PCB 66, PCB 
101, PCB 138, PCB 183, PCB 180 Total PCB, % mud, % very fine sand, % coarse 
silt, % medium silt, % fine silt, % very fine silt, % clay, a strong positive one with 
Mn, As, Ba, Cd, Cu, Ni, Sr, V, Zn, Soft/ARM, SIRM/ARM, % very coarse silt, a 
weak negative correlation with Rb, LOI, xARM, ARM, mean grain size, % sand, % 
coarse sand, % medium sand, % fine sand and a strong negative one with K, TOC, 
xARM/xSIRM, xARM/xlf at the 0.01 significance level. At the 0.05 significance 
level Ca shows a weak positive correlation with %FD, PCB 141, PCB 128, PCB 170, 
weakly negatively with Ti and SIRM/xlf.
At the 0.01 level of significance Mg shows a weak positive correlation with 
xARM/xlf, % medium sand, a strong positive correlation with Al and a weak 
negative one with soft/ARM, % very fine sand and PCB 118. At the 0.05 level it 
shows a weak positive correlation with Si, K, Rb, xARM/SIRM, SIRM/xlf and a 
weak negative correlation with Ba, SIRM/ARM, -20mT, PCB 66, PCB 101, PCB 
138, PCB 128, PCB 180, Anthracene, Fluoranthene and Benzo[a]anthracene.
K shows a weak positive correlation at the 0.01 level with Zr, SIRM, xARM, 
SIRM/xlf, xARM/SIRM, xARM/xlf, HIRM, ARM, Mean grain size, % sand, % 
coarse sand, % medium sand, % fine sand, TOC, a strong positive correlation with Ti 
and Rb and a weak negative correlation with P, As, Ba, Pb, V, -20mT, % mud, % 
very fine sand, % very coarse silt, % coarse silt, % medium silt, % fine silt, % very
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fine silt, % clay, and a strong negative correlation with Ca, Mn, S, Cd, Cu, Ni, Sr, 
Zn, SIRM/ARM, and soft/ARM. At the lower 0.05 significance level it shows a weak 
positive correlation with A1 and Mg and a weak negative one with Fe, Y, PCS 47, 
PCB66 and PCB 101.
Fe shows a weak positive correlation at the 0.01 level with Mn, P, As, Br, Cd, Cr, 
Cu, Ni, Zn, % mud, % very coarse silt, % coarse silt, % medium silt, % fine silt, % 
very fine silt, % clay, a strong positive correlation with S, a weak negative one with 
Zr, mean grain size, Kurtosis, % sand, % very coarse sand, % coarse sand, % 
medium sand, % fine sand, phenanthrene, fluoranthene and pyrene At the 0.05 
significance level it shows a weak positive correlation with Ca, Ba, Y, Y, FD% and a 
weak negative correlation with K, Kappa, %lf, soft, anthracene, chrysene, 
benzo[a]anthracene, benzo[a]pyrene, indeno[l,2,3-cd]pyrene and Total PAH.
Mn shows a weak positive correlation (at the 0.01 level) with Fe, As, P, Ba, Pb, V, 
Y, PCB 47, -20mT, Soft/ARM, % very fine sand, % very fine silt, a strong positive 
correlation with Ca, Cu, S, Cd, Ni, Sr, Zn, % mud, % very coarse silt, % coarse silt, 
% medium silt, % fine silt, % Clay. It also shows a weak negative correlation with 
Ti, Zr, Kappa, %lf, SIRM, /ARM, xARM/SIRM, xARM/xlf, HIRM, ARM, 
SIRM/ARM, Kurtosis, % very coarse sand, % medium sand, % fine sand and a 
strong negative correlation with K, Rb, mean grain size, % sand % coarse sand and 
TOC. At the 0.05 level of significance it shows a weak positive correlation with Cr, 
PCB 66, PCB 101, PCB 170, total PCB and %FD and a weak negative one with Soft 
and skewness.
S shows a weak positive correlation at the 0.01 level with Ca, Cd, Cu, Ni, Sr, Zn, 
SIRM/ARM, Soft/ARM, % mud, % very coarse silt, % coarse silt, % medium silt, % 
fine silt, % very fine silt, % clay, a strong positive one with Fe, Mn, P, a weak 
negative correlation with Rb, Zr, SIRM, xARM, xARM/SIRM, xARM/xlf, HIRM, 
ARM, Soft, mean grain size, kurtosis, % sand, % very coarse sand, % coarse sand, % 
fine sand and TOC and a strong negative correlation with Ti, K and Kappa. It also 
shows a weak positive correlation at the 0.05 level with Pb, V, Y, FD%, sorting and a 
weak negative one with Skewness, Phenanthrene, Anthracene, Fluoranthene, Pyrene,
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Chrysene, Benzo [a] anthracene, Benzo[a]pyrene, Benzo[b] fluoranthene,
Benzo[k]fluoranthene, Benzo[ghi]perylene and Total PAH.
At the 0.01 significance level P shows a weak positive correlation with Fe, Mn, % 
medium silt, % fine silt and a strong positive correlation with S. At this level, it also 
shows a weak negative correlation with Ti, K, Zr, Kappa, xlfl SIRM, HIRM, xARM. 
ARM, Sorting and Kurtosis. At the lower level of significance (0.05) it shows a weak 
positive correlation with Sr, % mud, % coarse silt, % very fine silt and % clay and a 
weak negative correlation with skewness, % sand, % coarse sand and % fine sand.
Ba shows a weak positive correlation at the 0.01 level with Mn, Pb, Y, PCB 105, 
PCB 141, PCB 138, PCB 183, PCB 128, PCB 156, PCB 180, PCB 194, Total PCB, 
% very fine sand, % very coarse silt, % mud. It shows strongly positive correlations 
with Ca, As, Cd, Cu, Ni, Sr, V, Zn, SIRM/ARM, soft/ARM. Ba shows weak negative 
correlations with K, Rb, LOI, xARM/SIRM, xARM/xlf, HARD %, ARM, mean grain 
size, % coarse sand, % medium sand, % sand and a strong negative correlation with 
TOC, At the 0.05 level of significance it shows a weak positive correlation with Fe, 
S, -20 mT, -300mT, PCB 28, PCB 66, PCB 101, PCB 118, % coarse silt, % medium 
silt, % fine silt, % clay and a weak negative one with Mg and xARM.
Br shows a weak positive correlation at the 0.01 level of significance with Fe and a 
weak negative one with Zr.
Pb is strong positively correlated at the 0.01 level with As, Cu, Cd, Ni, Sr, V, Zn and 
SIRM/ARM and soft/arm and weakly positively correlated with Ca, Mn Ba, Y, - 
300mT, PCB 101, PCB 138, PCB 183, PCB 128, PCB 156, PCB 170, Total PCB, % 
very fine sand, % very coarse silt % mud. It shows weak negative correlations with 
K, Rb, Hard %, mean grain size, % coarse sand, % medium sand, % sand, TOC and a 
strong negative correlation with xARM/SIRM and xARM/xlf. At the 0.05 level of 
significance it shows a weak positive correlation with S, PCB 28, PCB 47, PCB 66, 
PCB 118, PCB 105 PCB 141, PCB 180, PCB 194,-20mt, % clay and a weak negative 
one with LOI, xARM, SIRM/xlf and ARM.
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Arsenic shows the following positive weak correlations at the 0.01 level of 
significance: Fe, Mn, Ba, Y, SIRM/ARM, Soft/ARM, PCB 141, PCB 156, PCB 170, 
% very fine sand, % very coarse silt. It shows strong positive correlations with Ca, 
Ba, Cd, Cu, Ni, Pb, Sr, V and Zn. Weak negative correlations can be seen with K, 
Rb, xARM/SIRM, xARM/%LF, HARD%, LOI, mean grain size, % medium sand, % 
coarse sand and a strong negative correlation with TOC. At the 0.05 level it shows a 
weak positive correlation with S, -20mT, -300mT, % mud, % clay, PCB 47, PCB 66, 
PCB 101, PCB, 105, PCB 183, PCB 128, PCB 194 and Total PCB and a weak 
negative one with % sand and % very coarse sand.
Cd shows strong positive correlations at the 0.01 significance level with Ca, Mn, As, 
Ba, Cu, Ni, Pb, Sr, V, Zn, SIRM/ARM, Soft/ARM, % mud, % very fine sand, % 
very coarse silt, weaker positive correlations with Fe, S, Y -20mT, PCB 47, PCB 
101, PCB 141, PCB 138, PCB 183, PCB 128, PCB 156, PCB 170, Total PCB, % 
coarse silt, % medium silt, % very fine silt, % fine silt, % clay. At this level of 
significance it shows a strong negative correlation with K, Rb, x^RM/SIRM, 
xARM/xlf, TOC, % sand, % coarse sand, % medium sand and a weak negative 
correlation with LOI, ARM, xARM. At the lower 0.05 level of significance it shows 
a weak positive correlation with PCB 18, PCB 28, PCB 44, PCB 66, PCB 118, PCB 
180, PCB 194 and a weak negative one with SIRM/xlf, % fine sand and % very 
coarse silt.
Zn shows strong positive correlations at the 0.01 level with Ca, Mn, As, Ba, Cd, Cu, 
Ni, Pb, Sr, V, Soft/ARM, SIRM/ARM, % very fine sand, % very coarse silt. It 
shows a weak positive correlation with Fe, S, Y, -20mT, PCB 47, PCB 66, PCB 101, 
PCB 141, PCB 183, PCB 128, PCB 156, PCB 170, Total PCB, % MUD, % coarse 
silt, % medium silt, % fine silt, % clay. It shows a weak negative correlation with 
XARM, xARM/xlf, ARM, % sand and a strong negative one with K, Rb, 
XARM/SIRM, mean grain size, % coarse sand and TOC. At the 0.05 level of 
significance it shows a weak positive correlation with % very fine silt, FD% - 
300mT, PCB 28, PCB 44, PCB 118, PCB138, PCB180, PCB 194 and a weak 
negative one with LOI, Hard % and % very coarse sand.
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Ni has strong positive correlations at the 0.01 level with Ca, Mn, As, Ba, Cd, On, Sr, 
Pb, Y, Zn, SIRM/ARM, Soft/ARM, % very fine sand, % very coarse silt, and weaker 
positive correlations with Fe, S, Y, PCB 47, PCB, 66, PCB 101, PCB 141, PCB 183, 
PCB 128, PCB 156, PCB 170, Total PCB, -20mT, % mud, % coarse silt, % medium 
silt, % fine silt, % clay. It is shows a weak negative correlation with Rb, LOI, xARM, 
xARM/xlf, ARM, % sand and a strong negative correlation with K, xARM/SIRM, 
TOC, mean grain size, % coarse sand, % medium sand. At the lower level of 
significance it shows a weak positive correlation with Cr, -300mT, %FD, PCB 28, 
PCB 44, PCB 118, PCB 105, PCB 138, PCB 194, % very fine silt and a weak 
negative one with Hard % and % very coarse sand.
Hg shows a weak negative correlation with PCB 18, PCB 28, PCB 44, PCB 101, 
PCB 118, PCB 105, PCB 141, PCB 183, PCB 128, PCB 156, PCB 194, and Total 
PCB. At the 0.05 level it shows a weak positive correlation with FD%, SIRM/ARM, 
% coarse silt and weakly negative with -20mT, Kurtosis, % coarse sand, PCB 52, 
PCB 153 and PCB 180.
Cr is shows a weak positive correlation at the 0.01 level with Fe and at the 0.05 level 
of significance it shows a weak positive correlation with Mn, As, Cu, Ni, V, Y %FD 
and PCB 47.
Cu has strong positive correlations at the 0.01 level with Ca, Mn, As, Ba, Cd, Sr, Pb, 
V, Zn, SIRM/ARM, Soft/xARM and weaker positive correlations with Fe, S, Y, PCB 
47, PCB, 66, PCB 101, PCB 141, PCB 183, PCB 128, Total PCB, -20mT, % mud, 
% very fine sand, % very coarse silt. It is exhibits weak negative correlations with 
Rb, xARM, xARM/xlf, ARM, mean grain size, % sand, % coarse sand, % medium 
sand and strong negatively correlations with K, Cr, xARM/SIRM. At the lower level 
of significance shows a weak positive correlation with -300mT, PCB 138, PCB 156, 
PCB 180, PCB 170, PCB 194, % very coarse silt, % medium silt, % fine silt % clay 
and a weak negative one with LOI and Hard %.
V shows strong positive correlations at the 0.01 level with Ca, As, Ba, Cd, Cu, Ni, 
Pb, Sr, Zn, SIRM/ARM, Soft/ARM and weak positive correlations with Mn, Y, PCB 
47, PCB 101, PCB 183, PCB 128, PCB 156, Total PCB. It shows a weak negative
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correlation with K, Rb, Hard%, xARM/xlf, Kurtosis, TOC, % coarse sand and a 
strong negative one with xARM/SIRM. At the 0.05 level of significance it shows a 
weak positive correlation with Fe, S, FD%, -20mT, -300mT, PCB 44, PCB 118, PCB 
141, PCB 138, PCB 170, PCB 194, % very coarse silt, % coarse silt, % medium silt, 
% clay, % mud and a weak negative one with LOI, mean grain size, % sand, % very 
coarse sand.
Rb shows a weak positive correlation at the 0.01 level with mean grain size, % sand, 
% coarse sand, % medium sand, xARM, xARM/SIRM, SIRM/xlf ARM and TOC, a 
strong positive correlation with K, a weak negative correlation with S, As, Ba, Cu, 
Pb, V, % mud, % very fine sand, % very coarse silt, % coarse silt, % medium silt, % 
clay, SIRM/ARM, -20mT, a strong negative one with Cu, Mn, Cd, Bi, Sr, Zn, - 
300mT, PCB 66, PCB 101. At the 0.05 level it shows a weak positive correlation 
with % very coarse sand, SIRM, SIRM/xlf, HIRM, Mg and Ti. It is shows a weak 
negative correlation with % very fine silt, PCB 183, PCB 180, Total PCB.
Sr shows a weak positive correlation with S, Y, -20mT, PCB 47, PCB 66, PCB 101, 
PCB 183, % mud, % very fine sand, % very coarse silt, % coarse silt, % medium 
silt, % fine silt, % very fine silt, % clay and a strong positive correlation with 
SIRM/ARM, SOFT/ARM, Ca, Mn, As, Ba, Cd, Cu, Ni, Pb, V, Zn. It has weak 
negative correlations with % sand, % coarse sand, % medium sand, LOI and mean 
grain size and a strong negative one with K, Rb, xARM, xARM/SIRM, xARM/xlf, 
ARM, TOC at the 0.01 level. It shows a weak positive correlation with P, PCB 44, 
PCB 141, PCB 138, PCB 128 and PCB 180 and a weak negative one with Ti, 
SIRM/xlf and % fine sand at 0.05 level of significance.
Zr shows a weak positive correlation at the 0.01 level with Kappa, xlfi SIRM, HIRM, 
soft, Ti, K, % fine silt, % very fine silt and a weak negative one with Fe, Mn, S, P 
and Br. At the 0.05 level it shows a weak positive correlation with Si, xARM, ARM, 
% sand, % fine sand, % clay, Acenaphthene, Anthracene, Chrysene, 
Benzo[a]anthracene, Benzo[b]fluoranthene, Benzo[k]fluoranthene, Benzo[a]pyrene 
and total PAH and a weak negative correlation with Sorting, % mud, % coarse silt, % 
medium silt.
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Y is shows a weak positive correlation with Ca, As, Ba, Cd, Cu, Ni, Pb, Sr, V, Zn, 
SIRM/ARM, -300mT, a strong positive correlation with Mn and a weak negative one 
with LOI, %FD, Hard %, mean grain size, kurtosis, % coarse sand and TOC at the 
0.01 level. It shows a weak positive correlation with Al, Fe, S, Cr, Soft/ARM, % 
mud, % very coarse silt, % medium silt, % clay and a weak negative correlation with 
xARM/SIRM, % sand, % very coarse sand and TOC at the 0.05 level.
LOI shows a weak positive correlation at the 0.01 level with TOC. It is shows a weak 
negative one with Fe, Mn, S, P and Br. It shows a weak positive correlation with % 
medium sand and a weak negative one with Cd, Cu, Pb, Y, Zn. SIRM/ARM, Soft, 
Soft/ARM, % very fine sand and % very coarse silt at the 0.05 level.
7.8.2 Speke Hall Lake PCB Correlations (See appendix 1)
As in the Upper Marsh Core the PCBs show good (if weak) correlations amongst 
themselves. Many of the PCBs have positive correlation with magnetic indicators of 
the coarser grain size fraction (if not actually with the grain size fraction themselves).
PCB 18 shows a weak positive correlation with PCB 52, PCB 44, PCB 151, PCB 
118, PCB 153, PCB 141, PCB 138, PCB 128, PCB 156, PCB 180, PCB 170, PCB 
194 and Soft/%ARM, a strong positive correlation with PCB 28, PCB 49, PCB 101, 
PCB 183 and Total PCB and a weak negative one with %ARM, SIRM/^lf and ARM 
at the 0.01 level of Significance. At the 0.05 level it shows a weak positive 
correlation with PCB 47, PCB 66, PCB 105, SIRM/ARM, -20mT and a weak 
negative one with xARM/SIRM.
PCB 28 shows a weak positive correlation the 0.01 level with PCB 44, PCB 66, PCB 
118, PCB 153, PCB 141, PCB 138, PCB 128, PCB 156, PCB 180, PCB 170, PCB 
194, SIRM/ARM, -20mT, soft/%ARM, a strong positive correlation with PCB 18, 
PCB 52, PCB 49, PCB 101, PCB 151, PCB 183, Total PCB and a weak negative one 
with xARM, xARM/SIRM, SIRM/xlf, %ARM/^f and ARM. At the 0.05 level it 
shows a weak positive correlation with PCB 47 and PCB 105.
At the 0.01 level PCB 52 shows a weak positive correlation with PCB 18, PCB 49, 
PCB 101, PCB 151, PCB 118, PCB 153, PCB 128, PCB 180, PCB 194, Total PCB, -
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20mT, Soft/xARM and a strong positive one with PCB 28, It is also shows a weak 
negative correlation with xARM, SIRM/xlf, ARM. At the 0.05 level it shows a weak 
positive correlation with PCB 105 and PCB 183 and a weak negative one with 
xARM/ xlf and % coarse silt.
These trends are repeated amongst the other PCBs
Total PCB shows a weak positive correlation with PCB 18, PCB 28, PCB 52, PCB 
44, PCB 101, PCB 151, PCB 153, PCB 105, PCB1 41, PCB 170, a strong positive 
one with PCB 118, PCB 138, PCB 183, PCB 128, PCB 156, PCB 180, PCB 194, a 
weak negative correlation with xARM, SIRM/xlf, ARM, -20mT and a strong 
negative one with xARM/SIRM, xARM/xlf, SIRM/ARM, soft/xARM at the 0.01 
level. It shows a weak positive correlation with PCB 47, PCB 66, 
Benzo[a]anthracene and a weak negative correlation with TOC and % Coarse sand at 
the 0.05 level.
The majority of PCBs (PCB 28, 47, 44, 66, 101, 118, 105, 141, 138, 183, 128, 156, 
180, 170, 194, Total PCB) show positive correlations with many of the ‘pollutant’ 
metals. Cd, Pb, Zn, Ni showing the greatest number of positive correlations with As, 
V and Cu also showing correlations with a number of PCBs. Ca, Ba and Sr also have 
positive correlations with a number of the PCBs, whilst Hg has negative correlations 
with many PCB (PCB 18, 28, 5244, 66, 101, 118, 153, 105, 141, 183, 128 156, 180, 
194 and Total PCBs).
The only PCBs to show a correlation with PAHs are PCB 66, 101, 151, (with 
benzo [a] anthracene); 105 (with benzo [a] anthracene and chrysene) 138 (with 
benzo [a]anthracene, phenanthrene, anthracene, fluoranthene, pyrene, chrysene); PCB 
128 (with benzo [ajanthracene, anthracene, fluoranthene, chrysene), PCB 180 (with 
pyrene, chrysene, benzo [a] anthracene, phenanthrene, anthracene, fluoranthene, 
benzo[bjfluoranthene, benzo[ajpyrene, benzo[1,2,3-cdjpyrene and total PAH) and 
Total PCB with benzo [a] anthracene.
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7.8.3 Speke Hall Lake PAH Correlations (See appendix 1)
As with the PCBs, PAHs show good correlations amongst themselves (although, 
again, some of these are weak) and many of them show a positive correlation with 
the coarser grain size fraction (% coarse sand and % very coarse sand) and a negative 
correlation with fines, which would suggest that there is a grain size influence on the 
PAH concentrations.
Acenaphthene shows a weak positive correlation at the 0.01 level with fluorene, 
phenanthrene, anthracene, fluoranthene, pyrene, chrysene, benzo [a]anthracene, 
benzo[b]fluoranthene, benzo[k]fluoranthene, indeno[l .2.3-cd] pyrene,
benzo[ghi]perylene, dibenz[a,h]anthracene, Total PAHs, Kappa, %lf, HIRM and a 
weak negative one with -20mT. It shows a weak positive correlation at the 0.05 level 
with /ARM, SIRM/%lf and SIRM/ARM.
Fluorene shows a weak positive correlation at the 0.01 level with acenaphthene, 
phenanthrene, anthracene, fluoranthene, and pyrene and shows a weak positive 
correlation at the 0.05 level with chrysene, benzo [a] anthracene, indeno[l,2,3- 
cdjpyrene, dibenz [a,h] anthracene, Total PAHs and % fine sand.
Phenanthrene shows a weak positive correlation with acenaphthene, fluorene, 
benzo [b] fluoranthene, benzo [k]fluoranthene, benzo [ajpyi’ene, indeno[l,2,3- 
cd]pyrene, benzo[ghi]perylene, dibenz [a,h] anthracene. Total PAHs, Kappa, %lf and 
soft. It is shows a strong positive correlation with anthracene, fluoranthene, pyrene, 
chrysene, benzo [a] anthracene, and at the 0.05 level of significance it shows a weak 
positive correlation with % very coarse sand, % fine sand and a weak negative one 
with % medium silt, % fine silt, % very fine silt and % clay.
At the 0.0 1 Level anthracene shows a weak positive correlation with acenaphthene, 
fluorene, benzo [b] fluoranthene, benzo[k]fluoranthene, benzo [ajpyi’ene, indeno[l,2,3- 
cdjpyrene, benzo [ghijperylene. Total PAHs, Kappa, %lf and Soft and a strong 
positive one with phenanthrene, fluoranthene, pyrene, chrysene and 
benzo[ajanthmcene. At the 0.05 level of significance it shows a weak positive 
correlation with dibenz[a,h]anthracene and HIRM.
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Fluoranthene shows a weak positive correlation with acenaphthene, fluorene, 
dibenz[a,h] anthracene, Kappa, %lf, % very coarse sand and a strong positive one with 
phenanthrene, anthracene, pyrene, chrysene, benzo [a] anthracene,
benzo[b]fluoranthene, benzo[k] fluoranthene, benzo [a]pyrene, indeno[l,2,3- 
cd]pyrene, benzo[ghijperylene and Total PAHs at the 0.01 level and it shows a weak 
positive correlation with HIRM and soft and a negative weak one with % medium 
silt, % fine silt, % veiy fine silt, % clay at the 0.05 level.
Total PAH shows a weak positive correlation with acenaphthene, phenanthrene, 
anthracene. Kappa, %lf. Soft and % very coarse sand and a strong positive correlation 
with fluoranthene, pyrene, chrysene, benzo[a]anthracene, benzo[b]fluoranthene, 
benzo [k] fluoranthene, benzo [a]pyi*ene, indeno[1.2.3-cd]pyrene, benzo [ghijperylene, 
dibenz[a,h,janthracene at the 0.01 level. At the 0.05 significance level it shows a 
weak positive correlation with fluorene and HIRM and weakly negative one with % 
mud, % medium silt, % fine silt and % clay. As with the other core these trends are 
repeated between the other PAHs
TOC shows a weak positive correlation with % coarse sand, % medium sand, 
xARM/SIRM, xARM/xlf, Hard % and a weak negative correlation to % fine sand, % 
very coarse silt, SIRM/ARM, -300mT, Soft/ARM at the 0.01 level and it is also 
weakly positively correlated with % Sand, xARM, ARM and weakly negative with 
% mud, % coarse silt, % medium silt, % fine silt, % very fine silt and % clay at the 
0.05 level of significance.
Many PAHs have a weak positive correlation with Zr which could be related to the 
grain size fraction correlations. Phenanthrene, anthracene, pyrene, chrysene, 
benzo [ajanthracene, benzo [a] pyrene and total PAHs have a positive correlations with 
Fe and S, whilst benzo [b] fluoranthene, benzo [k] fluoranthene and benzo [ghijperylene 
have a positive correlation with S and indeno[l,2,3-cd]pyrene has a positive 
correlation with Fe.
7.8.4 Speke Hall Magnetic Correlations (See appendix 1)
At the 0.01 level of Significance Kappa shows a weak positive correlation with 
XARM, ARM, -300 mT, a strong positive correlation with %\f, HIRM and Soft and a
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weak negative one with Hard %. It also shows a weak negative correlation with % 
medium sand at the 0.05 level.
%lf shows a weak positive correlation with %AJRM, ARM, -300mT, a strong positive 
one with Kappa, HIRM and Soft and a weak negative one with Hard % at the 0.01 
level. It also shows a weak negative correlation with % medium sand at the 0.05 
level.
FD% shows a weak negative correlation with % coarse sand at the 0.01 level. It also 
shows a weak negative correlation with kurtosis at the 0.05 level.
SIRM shows a weak positive correlation with SIRM/%lf, ARM and -300 mT, a strong 
positive one with Kappa, xlf, HIRM and Soft and a weak negative correlation with 
Hard % and -20mT at the 0.01 level.
At the 0.01 level of significance %ARM shows a weak positive correlation with 
Kappa, xlfs xARM/SIRM, a strong positive correlation with SIRM/xlf, xARM/xlf, 
HIRM and ARM. It shows a weak negative one with SIRM/ARM and strong 
negative one with -20mT and soft/xARM. It shows a weak positive correlation with 
% coarse sand at the 0.05 Level.
XARM/SIRM shows a weak positive correlation with % coarse sand, % medium 
sand, xARM, SIRM/xlf and ARM, strongly with xARM/xlf, a weak negative one 
with % very fine silt, % very coarse silt, -20mT and a strong negative correlation 
with SIRM/ARM and Soft/xARM at the 0.01 level. It shows a weak positive 
correlation with % sand and a weak negative one with % mud, % medium sand, % 
fine sand and % clay at the 0.05 level.
SIRM/xlf shows a weak positive correlation with xARM/SIRM and HIRM and a 
strong correlation with xARM, xARM/xlf and ARM, a weak negative one with 
SIRM/ARM and Soft/xARM and a strong negative one with -20mT at the 0.01 level.
xARM/xlf shows a weak positive correlation with % coarse sand and % medium 
sand, a strong positive one with xARM, xARM/SIRM, SIRM/xlf and ARM and a
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weak negative correlation with % veiy fine sand and a strong negative correlation 
with SIRM/ARM, -20mT and soft/xARM at the 0.01 level of significance.
HIRM shows a weak positive correlation with SIRM/xlf, -300mT, a strong positive 
one with Kappa, %lf, xARM, ARM and Soft and a negative weak one with HIRM and 
-20mT at the 0.01 level.
Hai’d % shows a weak positive correlation with % coarse sand and % medium sand, a 
weak negative one with % very fine sand. Kappa, ylf, HIRM and soft and a strong 
negative one with -300mT.
ARM shows a weak positive correlation with Kappa, %lf, xARM/SIRM and Soft, a 
strong positive one with xARM, SIRM/xlf, xARM/xlf and HIRM, a weak negative 
correlation with SIRM/ARM and a strongly negative correlation with -20mT and 
Soft/ARM at the 0.01 level. It shows a weak positive correlation with % coarse sand 
at the 0.05 level.
SIRM/ARM shows a weak positive correlation with % mud, % very fine silt, % very 
coarse silt, % clay -20mT, a strong positive one with Soft/xARM, a negative weak 
one with % sand, % coarse sand, % medium sand, xARM, SIRM/xlf and ARM and a 
strong negative one with xARM/SIRM and xARM/xlf at the 0.01 level. It shows a 
weak positive correlation with % coarse silt, % medium silt, % fine silt and -300mT 
and a weak negative one with Hai’d % at the 0.05 level.
At the 0.01 level of significance Soft shows a weak positive correlation with xARM, 
ARM and -300mT and a strong positive one with Kappa, xlf and HIRM. It also 
shows a weak negative correlation with Hard % and at the 0.05 level it shows a weak 
negative correlation with % medium sand.
-20mT exhibits a positive weak correlation with SIRM/ARM and Soft/xARM and a 
negative weak one with xARM/SIRM and HIRM and a strong negative one with 
XARM, SIRM/xlf, xARM/xlf and ARM at the 0.01 level.
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-300mT shows a weak positive correlation with % very fine sand. Kappa, %lf, HIRM, 
Soft, a negative weak correlation with % coarse sand, % medium sand and a strong 
negative one with Hard % at the 0.01 level. It is also weakly positive with % coarse 
silt and SIRM/ARM at the 0.05 level.
Soft/xARM shows a weak positive correlation with % mud, % veiy fine silt, % very 
coarse silt, -20mT, a strong positive one with SIRM/ARM, a negative weak 
correlation with % sand, % coarse sand, % medium sand, SIRM/xlf and a strong 
negative one with xARM, xARM/SIRM xARM/xlf and ARM at the 0.01 level. It 
shows a weak positive correlation with % medium silt % fine silt and % clay at the 
0.05 level.
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7.9 Principal Component Analysis Speke Hall Lake
Multivariate statistical analysis using Principal Component Analysis (PCA) was 
undertaken in an attempt to establish relationships between organic matter, grain size 
and pollutant inputs (PCBs, PAHs and heavy metals). The results of this are given 
below as a series of bivariate plots and associated eigenvectors and eigenvalues.
7.9.1 Speke Hall Lake Element, Organic Matter and Grain Size PCA
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Figure 38: PCA Scatter plot of Eigenvectors comparing elements, organic matter and grain size. The 
relationship between PCA l (which explained 53.9% of the total variance) and PCA 2 (which 
explained a further 15.4%) is shown, along with graphical representations of the contributions of the 
original variables to both PC 1 and PC 2.
There appear to be three main groupings in this data lithogenic (Al, K, Ti, Mg), 
organic matter association (Ca, Mn, S) and Pollution metals (Pb, Zn, Hg, Cd, Ni, 
As).
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Eigenvalues
PC Eigenvalues %Variation Cum.%Variation
1 1.03 53.9 53.9
2 0.293 15.4 69.2
3 0.204 10.7 79.9
4 0.171 9.0 88.9
5 6.62E-2 3.5 92.4
three components account for 80% of the variation
(Coefficients in the linear
Eigenvectors
combinations of variables making up PC's)
Variable PC1 PC2 PC3 PC4 PCS
Si 0.024 0.093 -0.496 -0.318 -0.021
Al -0.219 0.273 -0.280 -0.016 0.183
Ti -0.016 0.044 -0.060 -0.096 0.018
Ca 0.671 -0.117 -0.072 -0.216 -0.170
K -0.264 0.199 -0.203 -0.220 0.220
Fe 0.132 0.100 -0.109 0.275 0.400
Mn 0.258 -0.042 -0.026 0.116 0.157
S 0.234 -0.180 -0.058 0.506 0.140
P -0.134 0.084 0.024 0.193 0.171
As 0.094 0.113 -0.015 -0.067 0.069
Ba 0.127 0.326 0.098 -0.222 0.238
Br 0.021 0.079 0.034 0.023 0.160
Cd 0.021 0.004 0.000 -0.005 0.000
Cr 0.080 0.029 -0.070 -0.083 -0.003
Cu 0.102 0.052 0.014 -0.029 0.046
Hg -0.003 0.004 -0.021 0.019 -0.003
Ni 0.169 0.084 -0.022 -0.068 0.040
Pb 0.131 0.334 0.118 -0.209 0.090
Rb -0.025 0.086 0.209 0.140 0.043
Sr -0.046 0.077 0.725 -0.257 0.111
Zn 0.405 0.153 -0.006 -0.102 0.068
Zr -0.038 0.079 -0.079 -0.166 -0.215
LOI 0.091 0.720 0.026 0.421 -0.392
% Sand -0.082 -0.010 0.013 -0.021 -0.466
% Mud -0.042 -0.009 0.007 -0.008 -0.346
TOC -0.033 -0.009 0.019 0.006 0.020
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7.9.2 Speke Hall Lake PCB, Organic Matter and Grain Size PCA
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Figure 39: PCA Scatter plot of Eigenvectors comparing PCBs, organic matter and grain size. The 
relationship between PCA 1 (which explained 66.6% of the total variance) and PCA 2 (which 
explained a further 19.3%) is shown.
This first three components account for 90% of the variation and PCB behaviour 
seems to be related to PCB input rather than to other factors.
Eigenvalues
PC Eigenvalues %Variation Cum.%Variation
1 0.82 66.6 66.6
2 0.238 19.3 86.0
3 5.39E-2 4.4 90.4
4 3.85E-2 3.1 93.5
5 3.36E-2 2.7 96.2
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Eigenvectors
(Coefficients in the linear combinations of variables making up PC's)
Variable PC1 PC2 PCS PC4 PCS
18 -0.059 0.240 0.028 -0.620 -0.108
28 -0.057 0.230 -0.046 -0.644 -0.145
52 -0.047 0.226 -0.174 -0.005 -0.244
49 -0.061 0.174 -0.404 -0.014 0.163
47 0.011 0.207 0.137 0.082 0.097
44 -0.024 0.188 -0.005 0.118 -0.034
66 0.000 0.252 -0.063 0.024 0.031
101 0.003 0.251 -0.035 0.055 0.046
151 0.011 0.215 -0.053 0.003 0.045
118 0.000 0.215 -0.102 0.100 -0.121
153 -0.013 0.204 -0.100 0.206 -0.269
105 0.013 0.182 -0.015 0.182 -0.095
141 0.018 0.187 -0.051 0.053 0.033
138 -0.006 0.246 -0.047 0.186 -0.299
183 0.003 0.199 -0.008 0.038 0.031
128 0.007 0.179 -0.039 0.100 -0.034
156 0.013 0.157 0.026 0.113 -0.046
180 -0.001 0.220 -0.038 0.137 -0.117
170 0.065 0.412 0.503 0.014 0.612
194 0.004 0.155 -0.033 0.066 -0.088
TOC -0.010 -0.044 -0.042 -0.013 -0.045
LOI (%) 0.990 0.015 -0.078 -0.076 -0.058
% Sand -0.019 -0.004 -0.572 -0.012 0.393
% Mud 0.006 0.011 -0.398 -0.019 0.344
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7.9.3 Speke Hall Lake PAH, Organic Matter and Grain Size PC A
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Figure 40: PC A Scatter plot of Eigenvectors comparing PAHs, organic matter and grain size. The 
relationship between PC A 1 (which explained 86.7% of the total variance) and PC A 2 (which 
explained a further 7.9%) is shown, along with graphical representations of the contributions of the 
original variables to both PC 1 and PC 2.
The first two components account for 95% of the variation in PAH behaviour and 
appear to be related to the PAHs themselves.
Eigenvalues
PC Eigenvalues %Variation Cum.%Variation
1 9.02 86.7 86.7
2 0.823 7.9 94.6
3 0.164 1.6 96.2
4 0.116 1.1 97.3
5 8.11E-2 0.8 98.1
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Eigenvectors
(Coefficients in the linear combinations of variables making up PC's)
Variable PC1 PC2 PCS PC4 PCS
Ace 0.089 0.040 -0.082 -0.222 0.134
Flu 0.073 -0.060 -0.192 -0.221 0.099
Phe 0.146 -0.061 -0.370 -0.162 0.018
Anth 0.098 0.010 -0.271 -0.028 0.099
Flanth 0.276 -0.052 -0.399 -0.119 -0.050
Pyr 0.260 -0.078 -0.444 -0.195 -0.148
Chr 0.280 0.003 -0.098 0.506 0.134
Banth 0.303 0.028 -0.168 0.554 0.277
Bflu 0.403 0.041 0.212 0.050 0.073
B(k)flu 0.325 0.033 0.254 -0.030 0.074
Bpyr 0.332 0.010 0.147 0.001 -0.205
Ind 0.332 -0.042 0.080 -0.134 -0.629
Bper 0.334 0.039 0.381 -0.096 -0.016
Dbanth 0.208 -0.050 0.171 -0.468 0.618
LOI 0.001 -0.011 0.022 -0.050 -0.007
TOC 0.015 0.986 -0.099 -0.080 -0.022
% Sand 0.004 -0.016 0.139 -0.013 -0.100
% Mud 0.003 0.007 0.095 -0.009 -0.043
7.10 Chapter Summary
The main grain size is in the sand fraction with the dominant magnetic mineral being 
magnetite. Correlations and PCA suggest a number of processes operating on this 
core including lithogenic controls on Si, Al, Ca, Zr, Ti, Sr, Ni, grain size factors on 
Ca and Mn, organic matter and diagenetic controls on Cd, Zn, Pb, As, Ni, V, Cu, Mn, 
Ca, Y, Ba, and pollution controls on PAHs, PCBs and a number of metals including 
As, Cd, Ni, Hg, Zn, and Pb.
The main pollutant metals show a general decrease in concentration towards the 
surface of the core, but as in the other cores there is very little obvious trend in the 
PCB or PAH data.
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CHAPTERS
UPPER MARSH CORE DISCUSSION
A number of parameters were measured for this core and they are discussed in this 
chapter. As the intention of this study was to investigate the historical pollution in the 
Liveipool area as recorded in sediment cores (in this case from the Mersey estuary), 
it was first necessary to eliminate factors other than pollution that could be 
responsible for the trends seen within the data. This was done by considering trends 
that could be explained by sediment composition, organic matter content and grain 
size effects before looking at data that could be explained by anthropogenic inputs.
8.1 The Influence of Sediment Composition in the Upper Marsh 
Core
The behaviour of several of the parameters measured in this core appears to be 
influenced to a certain extent by the sediment composition.
Si, Al, Ca, Zr show strong positive correlations with each other and with % very 
coarse silt. Si has a weaker positive correlation with Ti, % coarse silt, SIRM/ARM 
and SIRM, together with negative correlations with %ARM/SIRM, %ARM/%Lf and % 
sand, suggesting that there is a mineralogical and maybe a grain size control on its 
presence (it appeal's to be related to the medium grain size fraction rather than the 
coarsest or finest fractions) (Hay el al, 1997; Yang, 1997). These correlations 
suggest that Si, Ca and Zr are indicative of increasing mineral content and this is 
supported by the PCA scatterplot. Zr is also associated with minerogenic material 
which would explain its correlation with Si, and correlations between the two have 
been shown by Boyle (2001) to occur’ where silt mixes with other parts of the 
sediment. In order to confirm any grain size influence there would need to be a 
negative correlation with Ti and K which there is not, and this would indicate the 
relationship is due to the mineral composition of the sediment. Si (Fig 41) is the 
second most abundant element on earth. It is usually found in silicate or silica form 
as part of sedimentary rock - sandstone and mudstone are a major part of the geology 
of the region (De Vos et al., 2005; BGS, 1997) - and any anthropogenic input into
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the environment is usually masked out due to the naturally high background levels 
found (Aston, 1983).
The decrease in Ca concentration (Fig 41) at the top of the core could be due to 
decalcification taking place due to a lowering of the sediment pH caused by 
decomposition of organic matter (Luther and Church, 1988). Ca values show a 
decrease in the top part of the core (to 9cm) followed by a trend to increase with 
depth. This is similar to the trend exhibited by Si, particularly in the lower 25cm of 
the core. Ca is below ASV in the top part of the core but increases in concentration to 
above ASV from 10cm. Positive correlations with xlf (Fig 41), SIRM and Soft also 
indicate that its concentration is increasing with increasing mineral content (Maher, 
1988; Hearing et al., 1997), as does the weaker correlation it has with Zr, and the 
strong negative correlation with Br, which is often found associated with organic 
matter.
Si mg/g Ca mg/g
Figure: 41: Si, Ca and/If
The weak negative correlation Fe has with Si, Al, Ca, and Zr suggest that lithogenic 
input does not strongly influence its presence.
The positive correlations Ti shows with Si, Al, Ca, K, Zr and % very coarse sand 
suggest that it is probably present at natural background levels, has a lithogenic 
control on its presence and is higher in sediments with less organic matter present. It 
is a relatively resistant to weathering and has low mobility in the environment 
(Kabata-Pendias, 2007).
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The weak positive relationship Sr has with Ca could indicate a calcareous rock or a 
shell material input to the sediment (Davidson et al., 2005).
The weak negative correlation Ni has with Si, Ca, Al, and Zr would suggest that 
there is not a lithogenic control on its presence. However, it does show a weak 
positive with Hard % which could indicate a possible haematite/goethite link (Yang, 
1997; Oldfield, 1994). Ni has weak negative correlations with %lf, SIRM and Soft. 
The magnetic relationship suggests that as the % magnetite in the sediment goes up 
the amount of nickel goes down.
The relatively stable concentrations of Al downcore indicate that it is present at 
natural background concentrations, as does the fact that it is below ASV. As Al is the 
most abundant metal in the lithosphere, its presence in sediment is usually related to 
the mineralology of the area rather than to pollution (De vos et al, 2006). This is 
supported by the strong correlation it has with Si and the weaker ones it has with Ti, 
Ca and Zr - all of which have a strong lithogenic control on their presence.
8.2 Organic Matter Behaviour in the Upper Marsh Core
Both TOC and LOI values are low (TOC ~4%, LOI ~ 5-10%) (Fig 42) and show 
weak correlation with each other, indicating a small amount of organic matter is 
entering the sediment. Viguri et al. (2002) found weak correlations between LOI and 
TOC in sediments with low concentrations of organic matter. Changes in organic 
matter content (LOI) could reflect variation in the amount of productivity in the 
system (in years with a high level of productivity more organic matter will be 
deposited). They could also reflect a change in the terrestrial input to the sediment or, 
more likely, the establishment of vegetation as the saltmarsh develops. The higher 
concentration of organic matter could indicate a change in the aerobic conditions 
within the sediment core, possibly due to increased or decreased time the core spent 
submerged, due to changing flow conditions in the estuary as the main river channel 
moved position over time.
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Figure 42: OrganicMatter Review.
The decrease towards the bottom of the core could be due to anaerobic bacterial 
degradation breaking down the organic matter to its constituent parts (Williams et 
ai, 1994). In anaerobic conditions the breakdown of organic matter will be slower. 
Variation in organic matter can also be related to the supply of nutrients to the 
estuary. In the upper part of the marsh the colonisation of the exposed sediment by 
vegetation such as Spartina species can lead to higher levels of organic matter as the 
mudflat develops into saltmarsh. The C/N ratio (Fig 42) indicates a mixed source of 
organic matter including both non-vascular aquatic plants (e.g. algae) and vascular 
land plants (e.g. plants from the surrounding saltmarsh area) (Meyers and Ishiwatari, 
1993) which would be expected given the nature of the site’s location. The increase 
in C/N ratio towards the base of the core suggests diagenetic remodification of the 
organic matter (Meyers and Ishiwatari, 1993; Pratono and Wolff, 1998) or it could be 
due to a change in the source of the organic matter. Values in the surface few 
centimetres are similar, if slightly higher, to those found during a survey of a transect 
on the opposite side of the estuary at Ince Marsh (C/N range 9.3 - 11.6) (Wilson et 
al., 2005) and indicate a contribution from Particulate Organic Matter.
8.2.1 The Influence of Organic Matter on Element Trends
Previous work on the Mersey estuary has shown a positive correlation with trace 
metals and organic matter and fine grain sediments (silt fraction) (Rae and Aston 
1981; Taylor, 1986; Harland et al, 2000, Ridgway et al., 2003).
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LOI shows a weak negative correlation with Si, Ti, Zr which is probably due to these 
parameters being related to mineral matter content and this tends to be higher when 
organic matter content is lower. This is supported by a weak negative correlation 
with % very coarse sand. It is also negatively correlated with magnetic indicators of 
magnetic concentration in the mineral matter (xlf, SIRM, x^RM, ARM) (Maher, 
1988). It has positive correlations with Cl, Sr, Rb, Ni, and S whose concentrations 
are often related to the organic matter content in the sediment. It has a positive 
relationship with Hard % (an indicator of the haematite and goethite in a sample) 
(Yang, 1997) and a negative correlation with Soft which shows the percentage of 
magnetite in the sediment (Dearing et al, 1997). The lack of strong correlations with 
metals could be due to the low levels of organic matter present or due to variation in 
the source of the organic matter (Luoma and Davies, 1983). At the surface of the 
core it is more likely to be related to saltmarsh plants, whilst deeper down the source 
could be marine algae.
Cl concentration (Fig 43) is well above ASV and, following an increase downcore in 
the first few centimetres, its values fluctuate to the bottom of the core. It shows weak 
positive correlations with Br (probably a seawater influence) and Fe, S, Rb and LOI. 
It has peaks at 24cm, 40cm and 52cm which correspond to peaks in S and could be 
due to the formation of Cl sulphide. These correlations are probably due to an 
association with organic matter and, possibly, the finer grain size fractions. This 
association is supported by negative correlations with factors that are influence by 
larger grain size and lithogenic controls (Ca, Zr, Al and Si). This relationship would 
suggest that the presence of Cl is related to natural input rather than an industrial 
pollution input.
Cl mg/g Br gg/g
pa
Figure 43: Cl and Br Profiles.
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Br (Fig 43) is well above ASV and shows a downcore increase in the top part of the 
core followed by a decreasing concentration to the bottom of the core. Its profile is 
similar* to that of Cl with which it shows a weak positive correlation. This is probably 
as these 2 elements are often associated in the marine environment due to a 
relationship with seawater. However, it also has a weak positive correlation with Fe, 
Mn, TOC and the coarse grain size fraction which could indicate an association with 
organic matter complexes in the coarse grain size fraction (Harvey, 1980). It has a 
negative correlation with finer grain sizes, the main pollutant metals and Si, Al, S 
and Ca. This would support the argument of a coarse grain size and organic matter 
control on its concentration and could suggest the presence of particulate organic 
matter. Br has negative correlations with parameters that indicate lithogenic controls 
on its behaviour (Si, Al, Ti, Zr).
Rb fluctuates downcore and is below ASV. It shows weak positive correlation with 
organic matter parameters (LOI, TOC) and other metals that have an organic matter 
relationship (Br, Cl). Sr values are low (below ASV) and seem to show a slight 
decrease downcore with the exception of a peak between 10 and 17cm. It has a weak 
positive correlation with S and LOI (0.01 level of significance) which suggests an 
organic matter control on its presence. Sr forms strong complexes with organic 
matter and clay mineral as well it forming metal sulphides.
8.2.2 The Influence of Organic Matter on Persistent Organic Pollutants Trends
The lack of strong correlations between organic matter and either PCBs or PAHs in 
this core could be due to the high levels of pollutant chemicals present and the low 
levels of organic matter, or the variety of sources of these chemicals. Boulou-bassi 
and Saliot (1993) stated that a lack of correlation with organic matter and PAHs was 
indicative of polluted sediments. PAHs generated by the burning of fossil fuels tend 
to be bound to soot particles generated at the same time and this limits their 
availability to bind with organic matter in the sediments (Pereira et al., 1999).
The weak negative correlations between PCBs and organic matter (TOC and LOI) 
(and with magnetic indicators of grain size) are similar to what was found by Vane et 
al. (2003, 2007) and could be due to any relationship present being masked by the 
wide variety of sources of the PCBs. This disagrees with Camacho-Ibar and McEvoy
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(1996) who found a positive correlation with organic matter and PCBs in the Mersey. 
Fox et aL, (2001) did not find a link between PCBs trend and organic matter in the 
Mersey.
8.3 Grain Size Effects in the Upper Marsh Core
The downcore change in grain size, as seen by the increase in the percentage of mud 
(Fig 44) could be an indicator of the change of depositional environment as the 
saltmarsh developed. The larger particles could be particulate organic matter 
deposited as the saltmarsh becomes vegetated. The high percentage of mud in the 
core is similar to that of a core taken in the vicinity by Ridgway et al. (2003). The 
increase in organic matter in the top of the sediment is likely to be due to the 
formation of saltmarsh plants as the marsh stabilised. This could lead to an apparent 
increase in metal values due to the association between metals and organic matter 
which could give a false impression of increasing pollution (Valette-Silver, 1993).
Figure 44: Grain Size Profile.
The concentration of Al is often related to the finer grain size fraction and it shows a 
weak positive correlation with these parameters (% very coarse silt, % mud and % 
coarse silt) and weak negative correlations with the large grain size fraction (% sand, 
% coarse sand, % medium sand and % fine sand) in this core (Velde et al, 2003). 
The weak negative correlation it has with magnetic indicators of grain size 
(xARM/SIRM and xARM/xlf) also support this - as grain size decreases Al 
concentration increases (Camacho-Ibar, 1992).
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The weak positive correlation that Si has with coarser silt and weak negative 
correlation with % sand would suggest that there is a weak grain size affect on its 
presence.
Zr is weakly negatively correlated with LOI, probably due to Zr content being related 
to coarser grained sediment and quartz (Fralick and Kronberg, 1997). The 
relationship to coarse grained sediment is supported by the positive correlations it 
shows with % coarse silt, % very coarse silt, Ca, Si and Ti, and the negative 
correlation it has with the finer grain size fractions and LOI.
It would appear that there is a grain size control on Fe (with the smaller grain size 
fraction) affecting its concentrations (weak positive correlation with %ARM/%lf and 
XARM/SIRM and a weak negative correlation with SIRM/ARM). This grain size 
relationship (albeit magnetic grain size) is likely to be due to the Fe forming surface 
coatings on the smaller grain side particles (Luoma and Davies, 1983).
Ca has strong positive correlations with Si, %lf, SIRM, % very coarse silt and % 
coarse silt and weak positive ones with Al, Ti , Zr, Sr, HIRM, SIRM/ARM, -20mT 
and -30mT, as well as a strong negative one with % fine sand and weaker negative 
ones with xARM/SIRM and xARM/ylf. These correlations indicate a grain size 
control on its presence as well as a possible link to magnetic concentration 
(Thompson and Oldfield, 1986; Maher, 1988).
K shows a fairly steady downcore profile with a relatively small degree of 
fluctuation. It has a weak positive correlation with Ti, Fe, S, Cl and fine gram 
sediment as well the as slightly coarser % medium sand fraction and a weak negative 
one with Zr and mean grain size. Even though it is the eighth most abundant element 
(De Yos, 2006) it is often found in low concentrations because it is very important in 
plant physiology and usually preferential taken up by plants (BGS, 1997). The 
correlation with finer grained sediment is likely due to K forming clay mineral 
lattices which reduce its mobility within the sediment. It is below ASV and this 
indicates that it is probably present at natural background levels. K can be present in 
sediment due to a seawater influence as well as from lithogenic sources (Williams et 
a/., 1994).
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S has weak positive correlations with the finer grain sizes (and weak negative ones 
with the coarse fractions) and magnetic concentration parameters and magnetic grain 
size parameters.
Nickel has weak positive correlations with % fine sand at the 0.05 level which could 
indicate a particle size a control on its presence. Pb, Zn, Hg and Cd all positively 
correlate with fines, suggesting a grain size relationship. Cr would also appear to 
have a weak positive correlation with the coarse grain size fractions and a weak 
negative one with fine grain size sediments. Harland et al. (2000) found a strong 
correlation between Hg and the silt fraction of the sediment, as did Campbell el al. 
(1986).
Rb shows weak positive correlation with the fine grain size fraction (% fine silt), and 
has negative correlations with coarser grain size (% very coarse silt) controls. Rb has 
a tendancy to bind strongly to clay minerals (BGS, 1997).
Sr values are low (below ASV) and seem to show a slight decrease downcore with 
the exception of a peak between 10cm and 17cm. It has a weak positive con-elation 
with SIRM, Soft, and fines (0.05 significance level). These suggest a fine grain size 
control (or even a relationship to the magnetite concentration) on its presence which 
is supported by a weak negative correlation with coarser grain size fractions (Maher, 
1988b; Dearing etal., 1997).
Of the PAHs that show a grain size relationship, it would appear to be with the finer 
grains size fractions (positive correlations with % coarse silt and PCA data) and not 
with the coarse grain sizes (negative correlations with % sand). This agrees with the 
work of Vane et al. (2007) in the Mersey estuary, who found PAH concentmtions to 
be higher in the muddy sediments than in the coarser sandy fraction. They suggested 
that this was due to the hydrophobic nature of PAH leading them to bond to organic 
matter which is often in higher concentrations in the finer grained sediment. This was 
not supported by a correlation with organic matter but this could be due to the 
relatively low levels present.
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PCBs show negative correlations with the finer grain size fractions (and magnetic 
indicators of grain size) and positive ones with coarser grain size material. The 
association with coarse particles could be due to remobilisation of the PCBs in 
porewater as suggested by Brownawell and Farrington (1986). Fox et al. (2001) 
found no link between grain size and PCB contamination in their study.
8.4 Upper Marsh Core Magnetic Results Discussion
8.4.1 The Origin of Magnetic Particles in the Environment
There are a wide variety of sources for magnetic particles. The one this study is most 
concerned with is the human origin via pollution. Magnetic particles are generated by 
man through processes such as metal processing, rubbish incineration and the 
burning of fossil fuels (Flanders, 1994). However, these are not the only source and it 
is important to differentiate between manmade magnetic sources and those produced 
naturally, such as by the erosion of igneous rock and subsequent deposition and 
potential redeposition of the sediments generated. Magnetotactic bacteria create 
magnetite particles which they use for navigation and when the bacteria die these 
particles remain whilst the organic parts break down. Processes (both biological and 
chemical) that occur during soil formation (Maher, 1988) can also lead to the 
production of magnetic minerals.
A dilution of the detrital magnetic signal can be caused by diamagnetic enhancement 
due to the presence of authigenic minerals such as greigite (Snowball and Thompson, 
1998) or bacterial activity producing magnetic minerals (Farina et al, 1990).
8.4.2 Upper Marsh Core Magnetic Properties
The positive correlation of %lf* with Soft and a negative correlation with Hard % 
indicate that the dominant mineral is magnetite. This is supported by the high values 
of-300mT (Oldfield and Yu, 1994). Hard % increases slightly upcore and has a large 
peak between 16cm and 22cm, which suggests that the amount of haematite and 
goethite increases upcore relative to the magnetite which increases downcore (as 
illustrated by an increase in Soft downcore) (Bearing et al, 1997; Yang, 1997). xlf 
also shows strong positive correlations with the finer grain size fractions (and 
negative ones with the coarser grain sizes). The increase in grain size ratios
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downcore supports the grain size data which shows a slight increase in the 
percentage of mud downcore and a decrease in the percentage of sand. Zr also 
correlates positively with %lf and SIRM which could be indicative of a pollution 
input or it could be due to a grain size control operating on the metal. SIRM shows a 
strong positive correlation with Zn and Pb (and a weaker positive one with Hg and 
Cd) which has also been seen by Georgeaud et al. (1997). %lf and SIRM are also 
positively correlated with the fine grain size fraction of the sediment which could at 
least partially explain their relationship with the metals, as these metals are also 
correlated with the fine grain size fractions.
%FD values are low, which would suggest that the bulk of the magnetic signal is 
from non-soil sources (Thompson and Oldfied, 1985; Scoullos and Oldfield, 1986). 
This is due to the fact that the FD% is derived from weathered soils and represents 
fine grained magnetic crystal that are only present in very small amounts in 
anthropogenically derived materials.
It is possible that the peak in magnetic parameters %AJRM/SIRM, %ARM and 
xARM/%lf could be somehow related to the peak in S at around 29cm. If this 
relationship is deemed to be true then it is possible that these magnetic parameters 
have the potential to be used to identify the location of the sulphide reducing zone 
and, hence, could be powerful aids in identifying diagenetic processes within 
sediment. However, they do not show a corresponding relationship with the peak in S 
at 50cm which indicates that the relationship is indicating a link between /ARM and 
the metal pollution in association with S.
8.5 The behaviour of Elements and Persistent Organic Pollutants in 
the Upper Marsh Core
The peaks in Mn (Fig 45) and, to a lesser extent, Fe (Fig45) in the top layers of this 
core could be due to diagenetic remobilisation of these elements. The sediments in 
the lower part of the core could have become anoxic, which can lead to the 
solubilisation and then remobilisation of these metals and eventual redeposition 
higher up the core (Spencer, 2003). This process can lead to an increase in
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contaminants in the sediment surface layers which could be misinterpreted as an 
increase in pollution input when, in fact, it is due to redistribution of metals already 
in the sediment (Valette-Silver, 1993). High Mn in the surface layers could be due to 
formation of Mn oxyhydroxides in oxic conditions (O’Reilly Weise et al., 1995). The 
lack of a positive correlation with Ti and K support the idea that Fe and Mn presence 
is related to diagenesis and not to a grain size influence. The peak in Mn is also 
associated with a peak in Br which suggests that the Br concentration maybe related 
to Mn and, therefore, is controlled by the diagenesis of the Fe/Mn oxyhydroxides in 
association with organic matter, rather than by any lithogenic influences. From the 
correlations, it would appear that Mn distribution within the sediment is associated 
with a range of grain sizes, which supports the argument that its presence is related 
more to diagenetic processes than a grain size effect. The fact that concentrations are 
around ASV indicate that there is not anthropogenic enrichment of Mn in the 
sediment and that the large peak at 1 Ocm is related to diagnetic remobilisation, rather 
than pollution.
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Figure 45: Fe and Mn Profiles.
The peak in Fe at 10cm depth is followed by a decrease in concentration which could 
mean that there has been some post-depositional remobilisation from lower down the 
core (Cundy and Croudace, 1995). Redox potential is one of the most important 
factors in the way metals behave in sediments, and is dependent on the depth to 
which the sediments are oxic. This can be affected by the amount and frequency of 
water-logging in the sediment or saltmarsh, so areas that are more likely to be 
submerged will have less chance of being oxic and larger grain sizes will allow the 
sediment to drain more quickly and therefore allow more oxygen penetration (Jones 
and Turki, 1997). As this core was taken from high up on the saltmarsh it would be
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exposed to air for the majority of the time. The increase in Fe with depth in the 
surface layers could be due to it being trapped by authigenic carbon/sulphide 
formation (Cundy and Croudace, 1995). Fe correlates positively with Mn reinforcing 
the conclusion that there is a diagenetic control on its behaviour.
As mentioned earlier there does not appear to be a lithogenic control on the 
behaviour of Fe, but there is a grain size influence likely to be due to the Fe forming 
surface coatings on the smaller grain size particles ((Luoma and Davies, 1983). 
Concentrations of both Fe and Mn are of similar orders of magnitude as those found 
by Langston (1986). The weak positive correlation Fe shows with Cl and Br could 
indicate a marine influence on its behaviour, or this could just be due to grain size 
and diagenetic controls on these metals. It does not correlate with any of the 
indicators of pollution input so its presence is probably not due to an industrial input 
to the sediment and this would also suggest the pollutants concentrations has been 
influence too much by diagenetic remobilisation. The Merseyside area has low 
background levels of Fe and, other than diagenetic remobilisation, any peaks can 
usually be related to industrial contamination (BGS, 1997). Due to the low levels Fe 
exhibits and the correlation it shows with Mn, it is probable that the peak in the 
surface is not related to pollution but to diagenesis. However, Turner (2000) found 
no correlations between trace metals in Mersey sediments and Fe or Mn and 
explained this was due to the dispersal of fine sediments by strong currents having a 
buffering effect on localised metal levels.
Nickel fluctuates above and below ASV downcore and has weak positive 
correlations with Br (at the 0.01 level) and Cl (at the 0.05 level). The weak 
relationship with Cl could be an indication that Ni is fonning chloride compounds. It 
also has a weak negative correlations with Cd. Ni can be related to fuel combustion, 
but the weak negative relationship it has with total PAHs does not support this as a 
source in this case. The fact that it fluctuates above ASV in places suggests that there 
is an anthropogenic input to the sediment, as background levels in the region are low 
(BGS, 1997). Sources of nickel to the Mersey include a catalyst manufacturer (which 
ceased production in 1989, replacing it with Ni oxide on alumina substrate until 
1998) and a number of edible oils factories that use it as a catalyst (Martino et ah.
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2004), with the main source at present being thought to be remobilisation from 
tidally resuspended contaminate sediment (Martino et al.9 2002; 2004).
A1 has a low mobility in sediment, which would account for the weak negative 
correlation with diagenetic indicator elements such as Fe and Mn (Shiller and Frilot, 
1996). The weak correlation with metals Zn and Cd could be an indicator of a small 
anthropogenic input from sources such as smelting, cement manufacture, sewage and 
dust (Reimann and de Caritat, 1998).
Si is below ASV (probably because shale itself tends to be very fine grained and 
have low values of Si) and shows a fairly steady downcore trend with a relatively 
small increase. There is a drop in concentration between 47cm and 60cm depth. Si 
concentration can also be due to biological activity within the water column or 
sediment. Various organisms (e.g. diatoms) have silica as part of their bodies and 
when they die this silica is released back into the water column or sediment 
(Coleman and Bratton, 2003).
The peaks in Ca downcore could be related to pollution input or agricultural activity 
in the regions. Anthropogenic sources of Ca include cement factories and fertilisers 
(BGS, 1997; Reimann and de Caritat, 1998). The increase downcore could also be 
related to a seawater input (Ogichi et al., 2000), with the lower core being from a 
time when the marsh was lower and therefore spent more time submerged by the 
tide, which lead to higher levels of Ca being deposited in the sediment. In general, 
anthropogenic influences on Ca are insignificant due to high lithogenic inputs into 
the environment, but there is a weak correlation with Pb, Zn, Cd and Hg which could 
indicate an anthropogenic element to the Ca concentrations, as could the weak 
positive correlation with S (which can be release from Cu smelting (de Vos et al, 
2006). The weak negative correlation Ca has with Mn suggests a redox control on its 
presence, with Mn being remobilised under anoxic conditions and CaCOa likely to 
precipitate out in seawater (Hylander et al, 2000). fligher than ASV levels can be 
related to the nature of the bedrock in the surrounding regions (the Irish Sea till and 
coastal aeolian sands - which have high levels - and other local anomalies), but 
anthropogenic contamination can occur from cement and concrete usage in a local
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area (BGS, 1997). The weak positive correlation Ca shows with Sr is probably due to 
a shared source from the shells of marine organisms (Ridgeway et aL, 2003).
There is a gradual increase in S with depth and there are two large peaks in 
concentration. S often shows a large increase just above the sulphate reduction zone, 
so it is possible that these indicate the location of this zone (Rae, 1997). There also 
appear to be peaks in Zn and Cl associated with the lower S peak and a Pb peak 
associated with the higher one. These could indicate the precipitation of insoluble 
metal sulphides (McCaffrey and Thomson, 1980; Zwolsmann et al, 1993). S has a 
weak correlation (and a similar' distribution on the PCA scatterplot) with Pb and Zn, 
possibly indicating a post-depositional or subtle organic control on their relationship.
Apart from the very top of the core, S concentrations are above ASV. It has weak 
positive correlations with Ca, K, Cl, Cu Pb, Sr, Zn, Cd and Hg. The correlations with 
metals support the theory of the formation of insoluble metal sulphides (Cundy et al, 
2003) and suggest the possibility of a pollution input to the sediment. Sulphides can 
enter the aquatic environment from a variety of sources; including sulphuric acid 
using industries, coal combustion, smelting and mining (which could account for the 
relationship with Pb and Zn, as both these metals are often mined as sulphide forms), 
paper mills, tanneries, fertiliser usages and pesticide production (Alloway, 1995). 
However, the association could also be due to dragenetic remobilisation, although 
there are no obvious metal peaks associated with the major sulphur peaks, which 
would suggest that even if there is a diagenetic relationship, it is weak at best and 
cannot be used as an explanation for the downcore metal distribution (Lee and 
Cundy, 2001). If this was the case it would call into question the reliability of using 
Pb and Zn as a method of dating this core (Cundy et al., 2003).
Cr values fluctuate wildly, which could be due to a sensitivity issue with the XRF, in 
which case the correlations it shows are likely to have occurred by co-incidence and 
not be a true representation of it behaviour. However, if this is not the case the weak 
positive correlation it shows with Fe and Cl could be due to a diagenetic 
remobilisation control on its presence and Cr has been shown to associate with Fe 
(Turner, 2000; Hursthouse et al, 2003). Chromite (an industrial source of Cr 
contamination) could be the reason for the above ASV levels of Cr in the Mersey or
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it could come from the tinplating industry (Bryan and Langston, 1992). Cr also 
appears to have a weak negative one with certain PCBs (18, 49 and 141). Abu-saba 
and Flegal (1995) and Coomber et al (1995) have shown that lower salinities favour 
the release of Cr from the sediment to the water column and this could explain why 
there are lower values at the top of the core and why it fluctuates wildy downcore - 
different inundations of the saltmarsh with fresh, brackish or seawater over time 
could have led to different levels of retention of Cr within the saltmarsh.
Natural background Pb levels in the region are low; therefore the high concentrations 
found in the sediment have to be related to anthropogenic activity (BGS, 1997). Zn, 
Pb, Hg and Cd (Fig 46) concentrations are of similar orders of magnitude as those 
found by Langston (1986). The downcore profiles of those metals that have a 
potential pollution origin (Cd, Hg, Zn and Pb) are all similar. They show an 
increasing concentration towards the bottom of the core. This is similar to the trend 
found with Zn and Pb by Fox et al. (1999). They are all present at concentrations 
above ASV indicating a pollution source. Cd is fairly close to ASV at the very top of 
the core however. The increase in Cd, Hg, Zn and Pb with depth is probably due to 
enrichment during historic anthropogenic input. As discharge regulations were 
tightened, the levels emitted to the environment reduced so those recorded in the 
more recent sediments are at a lower level than they were in previous years. Zn, Pb, 
Cd and Hg all positively correlate with each other and Zn, Pb and Hg plot along the 
same lines on the PCA scatter plot, indicating there is a pollution input control on 
their presence. Cd often occurs as a substitution element in Pb, Zn, Hg and Cu 
sulphides (BGS, 1997).
Pb, Zn, Hg and Cd all positively correlate with fines, suggesting a grain size 
relationship as mentioned previously, however correlations with other metals 
indicate a pollution control on their presence. Pb has a strong positive correlation 
with Zn, xlf and SIRM, which indicate that Pb and Zn are related due to pollution 
input to the system rather than natural background processes. The positive 
correlations these metals have with a number of magnetic concentration parameters 
(ftlf, xARM, H1RM and SIRM) indicate that these magnetic parameters are 
potentially good indicators of increasing metal contamination in sediment (Scoullos 
et al.9 1979; Oldfield and Scoullos, 1984; Beckwith et al, 1986; Scoullos and
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Oldfield, 1986; Oldfield, 1990). The downcore profiles of xlf and SIRM (and to a 
lesser extent xARM and Soft) seem to match those of Pb and Zn and both these 
metals shows positive correlations with xlf (strong with Zn and weaker with Pb) as 
do other potential ‘pollution’ metals such as Sr, Hg and Cd. This suggests that in this 
core xlf would be a suitable proxy to use to predict heavy metal pollution as would 
SIRM (Berry and Plater, 1998; Rubio et al, 2001). Their lack of correlation with Mn 
(except for Cd) and Fe would suggest they have not been subjected to post 
depositional remobilisation, which could be due to them forming insoluble metal 
sulphides and this is supported by a weak positive correlation with S (McCaffrey and 
Thomson, 1980). The relationship with S could also be due to pollution influence, as 
copper smelting often releases SO2. There is also a possibility of a mining input to 
the sediment with both Pb and Zn sulphides have been mined locally (Fox et al., 
1999; Harland et al, 2000).
Turner (2000) concluded that lower levels of Pb compared to Zn in the Mersey were 
due to the differences in transport modes bringing them into an estuary. He 
concluded that atmospheric sources were the more important source for Pb whereas 
an aquatic input was important for Zn.
Znjig/g Pb^g/g Hgug/g Cdjig/g
Figure 46: Zn, Pb, Hg, Cd Profiles
Both Pb and Zn show an increase with depth to 60cm where there appears to be a 
slight drop in concentration. This could be showing that the historic pollution levels 
have peaked and that the decrease in metal values below 60cm can be related to the 
changes in historical discharges. The increase in Pb from 60cm to 45cm could be 
mirroring the increase in industry and in particular the use of leaded petrol in motor
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vehicles in the 1950s, in which case it could be a good marker to use to help date the 
core. This trend has been documented by other authors (Cundy et aL, 1997; Harland 
et al, 2000) and values fall within the ranges found by these authors. The decrease in 
concentration of Pb and Zn between 45cm and 37cm could be related to sediment 
input to the area. For example if, for some reason, there was an increase in 
sedimentation rate, then the levels of Pb and Zn might have appeared to drop, when 
in actual fact all that had happened was their values had been diluted over longer 
core section. There does appear to be a peak in Zn in the top 10cm associated with a 
peak in Mn, which could indicate that there has been some diagenetic enrichment at 
that depth which would mean that the peak in Zn is not associated with a pollution 
input but with diagnosis and should not be attributed to pollution.
Cd shows a greater fluctuation downcore than the other metals and a weak 
association with Mn which could be due to it co-precipitating with Mn oxides. Cd 
can volatilize at high temperature and enter the atmosphere e.g. from incineration. 
This could point to an atmospheric deposition source for it in the sediment. Cd has 
been shown to be much more easily remobilised from sediments than many of the 
other heavy metals, which could account for its positive correlation with Mn (Giblin 
et aL, 1980).
Hg concentrations decline towards the top of the core in recent year's and correspond 
to levels found by in the Mersey by Rae and Aston (1981), Fox et al, (1999), Harland 
et al (2000) and Vane et al. (2009) and also by Mirlean et al (2001) from domestic 
effluent from Rio Grande which itself corresponds to levels found in other polluted 
estuaries. Historic levels found on suspended matter in the Mersey have been around 
lOpg/g and historic measurements of mercury in sediment have found levels of 
between 3pg/g and 20pg/g (Airey and Jones, 1982). The correlation Hg has with S 
could indicate the formation of sulphide complexes (Lu, 1986). The decline in Hg 
values from 35 cm depth towards the top of the core could correspond to the 
introduction by ICI at Runcorn (one of the two main sources of chlorine production 
in the region - and, therefore, Hg releases to the Mersey) in 1974 of a major effluent 
treatment plant (Harland et al, 2000). This plant reduced discharged from ICI from 
60 tonnes of Hg per year to less than 0.5t per year by 2000 (Harland et al, 2000).
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It should be noted that, although Hg input to the Mersey has fallen by around two 
orders of magnitude, the corresponding levels in the sediment have not fallen by 
anywhere near as much. This could be due to the fact that discharges are not made 
directly to the Mersey, but to tributaries such as the Weaver and the Manchester Ship 
Canal (Langston, 1986), where it is likely they are deposited initially and 
resuspended at a later date by the dredging operations that occur in these locations, 
which would also explain the various spikes in Hg concentrations seen downcore 
(Harland et al., 2000; Vane et al., 2009). The other reason could be that the finer 
sediment fraction in the Mersey has a tendency to remain within the estuary for long 
periods of time before eventually being removed to the Irish sea (Murdock et al, 
1995) therefore, the estuary is actually accreting sediment and the retention time 
within the estuary for pollutants associated with that sediment is likely to be decades. 
The peak in Hg concentration at 12cm depth could be related to the erosion of the 
saltmarsh north of Ince and Stanlow that was seen to occur around this time, which 
could have led to redistribution and redeposition of any stored pollutants to other 
areas of the marsh (Harland et al., 2000). There are associated peaks in other 
pollutant metals (Pb, Zn) around the same depth. The lack of any correlations with 
organic matter indicates that Hg concentrations in the core are related to usage rather 
than to a link with organic matter but levels of organic matter in the sediment are low 
which could also explain the lack of correlations. This finding is in conflict with that 
of Vane et al (2009). In this study several metal levels (Cd, Cr, Pb, Hg) were higher 
than those recorded by Harland et al (2000) whilst Zn was of similar levels. The 
trend of decreasing concentration in recent years was the same however. Ridgway et 
al. (2003) found the highest levels of contaminations around 30cm and this also 
corresponds with the maximum found in this study at around 50cm depth.
Hg, Zn and Pb exhibit weak negative correlations with a number of PCBs which 
could be due to a grain size influence and it could also suggest diflering pollution 
inputs of the chemicals. Profiles of these metals appear to conform somewhat to the 
data generated by Fox et al (1999) from Ince Marsh and would indicate that the peak 
in Pb and Zn at 50cm could correspond to the peak in this core in 1950 and the peak 
at 35cm depth would correspond to the peak in the Fox et al (1999) data around the 
mid 1970s.
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Zr shows weak positive correlations with PAHs which could indicate a pollution 
control on its presence (Zr can be released from brake pads).
The decline in pollution metals towards the surface of sediment from the Mersey has 
been shown by Harland et al (2000) for Zn, Pb, Cr, Cd and Cu. The downcore metal 
profiles also compare well with a core taken for a Master’s Thesis (Mills, 
unpublished). Comparison with this thesis and the work of Fox et al (1999) would 
lead to the conclusion that the core represents approximately 60-70 years of sediment 
accumulation approximately dating back to the mid 1930s. This is supported by the 
presences of PCBs at the base of the core, if the core was pre-1930s then it would be 
expected that there would be no PCBs present. The dating would also suggest an 
approximate sedimentation rate of ~lcm per year. However, it is likely that in the top 
part of the core this has slowed down due to the formation of more stable saltmarsh, 
meaning that the top part of the core is only subject to submersion on the highest 
tides, so the amount of sediment brought onto the location is reduced.
8.6 PCBs in the Upper Marsh Core
PCBs and PAH are present in the environment due to anthropogenic processes. PCB 
concentrations fluctuate markedly downcore, but there appear to be several 
coincident major peaks in the concentration of most congeners at 7cm, 12cm, 23cm, 
47cm, 53cm, and 64cm. PCB 66 does not appeal' to have these peaks. Fox et al 
(2001) found a increase in PCB concentration down core which was not reflected in 
the wide variations seen in this core. Concentrations appear to be lower than those 
found by Fox et al. (2001) at Widnes Warth and do not reflect the large maximum 
peak found at around 15cm. The lack of any real trend is probably related to the 
variety of sources of PCBs in the region and to their persistence within the 
environment (Vane et al, 2003). Both these factors mean that there is a constantly 
changing input to the system from a number of sources including legitimate 
industrial release, leaching from landfill, accidental releases and remobilisation from 
other sediment stores due to anthropogenic (e.g. building work) or natural (storm 
events) disturbances. The majority of PCBs appear to correlate well (if weakly) with 
each other (PCB 66 shows the fewest correlations) and this is also likely to be related
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to the mixed sources of these chemicals. There appears to be a general trend of lower 
values and a slightly more stable profile in the mid pail of the core (between ~25 and 
40cm). If we consider the core dating proposed using the Pb data, this period would 
correspond to the mid 1970s, a time when the dangers of PCBs became apparent and 
stricter discharge regulations were introduced. The increase upcore following this 
more stable period could be due to the same factors mentioned above as, even though 
general releases to the environment were being more strictly controlled, accidental 
releases, leaching and sediment resuspension were still occurring. Plus, in recent 
years there will have been an increase in the decommissioning of industrial 
equipment containing PCBs and an associated release to the environment of some of 
these PCBs (Fox et aL, 2001). The large peaks in several congeners at various points 
in the core could be related to accidental discharges that may have occurred in the 
vicinity over the years, or to large scale remobilisation of sediment stores during 
storm events.
The presence of PCBs at the bottom of the core indicates that the core depth has not 
reached pre-PCB production depth so, therefore, does not go back further than the 
1930s or 1940s, which would support the proposed time line suggested in the metals 
section above.
Vane et al (2003) found the dominant PCB homologue groups to be tri, tetra and 
penta chlorinated congeners, Fox et al. (2001) found the dominant congeners to be 
penta and hexa chlorinated, whilst this study showed the dominant groups to be tetra 
and hexa chlorinated congeners with the other homologue groups showing a 
variation in relative importance downcore. This relatively consistent downcore trend 
does not support the findings of Alcock et al. (1993) that there was a change in the 
relative proportions of the homologues downcore due to a process of volataiisation 
and remobilisation of the lower chlorinated congeners. Vane et al. (2003) suggested 
that this was due to estuarine sediment only being exposed to the air for relatively 
short periods each day. In this core there does not appear to be any bacterial 
reduction of the PCBs occurring as was found by Borja et al. (2005). It is possible 
that the concentration of PCBs are too low for dechlorination to occur (Sokal et al., 
1995) or that co-contamination limits dechlorination from occurring (Sokal et al., 
1994; Zwiernik et al., 1999).
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Of all the PCBs investigated PCB 66 shows the fewest correlations with other PCB 
(and all that it shows are weak). It is possible this is because PCB 66 can co-elute 
with PCB 95 which could be confusing the correlations. All PCBs apart from PCB 
28 and 66 show a negative correlation with Hg. Several are also negative with Zn, 
Pb, Sr, or S. PCB 49 has negative correlations with Cr, PCBs 138 and 194 have a 
negative correlation with K, PCB 156 has a negative correlation with K and Mn. The 
only PCBs that show positive relationships with the metals are PCB 47 and 194 (Br), 
PCB 66 (S and Cd), PCB 170 (Y). PCB 18 shows a weak positive correlation with 
Acenapthene and PCB 66 shows a weak positive one with Phenanthrene, There are 
several PAHs that show weak negative correlation with PCBs: benzo[b]fluoranthene, 
chrysene, total PAH, benzo [a] anthracene and benzo[k] fluoranthene.
Total PCB concentrations agree with levels found by Thompson et al (1996) in the 
Mersey estuary at a location close to where this core was taken. Thompson et al 
(1996) also found a correlation with fine grain sizes and the coarser fraction 
indicating as above that PCB are not necessarily relate to the fine grain sizes only.
8.7 PAHs in the Upper Marsh Core
8.7.1 PAH Concentrations
PAH concentrations fluctuated throughout the core and this is indicative of the wide 
variety of sources of these compounds leading to the lack of any observed trend in 
their distribution through the core. As with the PCB data, PAH concentrations 
fluctuate markedly downcore with several coincident peaks in concentration 
occurring at 23cm, 30cm, 35cm, 48cm, 52cm and 63cm. The peak at 30 cm seems to 
be particularly obvious when compared to the others. Chrysene concentrations seem 
lower in the top part of the core with several peaks in concentration occurring 
between 48cm and 63cm depth. PAHs show good positive correlations amongst 
themselves and with the PCBs mentioned above. There appears to be an increase in 
many of the PAHs from ~40cm depth to ~25cm depth. It is possible this is related to 
the increased industrialisation of the area in the 1950s and 1960s and also the 
increase usage of motor vehicles during this time. The general trend from 25cm
203
depth towards the top of the core appears to be an overall decrease in concentrations 
(although values do fluctuate and this could be related to stricter industrial discharge 
regulations, the reduction in the use of coal for residential use and cleaner 
technologies being introduced in motor vehicles.
There are several metals that show positive correlations with PAHs: Cr 
(acenapthene) Zr, (fluorene, pyrene, benzo[a]anthracene, benzo[k]fluoranthene, 
benzo[a]pyrene), Zn (fluorene), Ca (phenanthrene), Hg, (phenanthrene), S 
(phenanthrene, chrysene), Cd ( chrysene) and several that show negative ones Cd 
(benzo[ghi]perylene), Br, (chrysene fluoranthene) and pyrene is negative with LOT 
Hg is often emitted from coal fired power plants which could explain its correlation 
with PAHs (Valette-Silver, 1993), as could the relationship with Zn and Pb and Cu. 
Aside from fluorene and phenanthrene which have weak positive correlations with 
Xlf, the lack of correlations with the magnetics data could be related to the mixed 
sources of the PAHs (see PAH ratios discussed below). Positive relationships 
between PAHs and magnetics data have been attributed to the source of the PAHs 
being fly ash from coal fired power plant (Morris et aL, 1994). However, if this 
source is mixed with a petrol and diesel source it could prevent any positive 
relationships being noted. This would mean that in a core with mixed sources of 
PAHs xlf is not necessarily a good indicator of PAH contamination.
If the source of PAH is pyrolitic, positive correlations with organic matter would be 
expected, but there are none (Vane et aL, 2007). Pyrene actually shows a weak 
negative correlation with LOT This could be for the same reason as the lack of 
organic matter correlations shown by PCBs, i.e. the varied source of PAHs (Vane et 
aL, 2003) but it could also be due to the fairly low levels of organic matter found in 
this sediment and the high levels of PAHs, i.e. there is not enough organic matter 
present for the PAHs to adsorb to. Another potential reason for the negative 
correlations is that the source of PAHs could be petrogenic rather than pyrolytic.
High levels of PAHs (llpg/g) where also found by Rogers et aL (2002) at a 
sampling site in the vicinity.
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When looking at the downcore distribution of individual PAHs, it can be seen that 
for all depths benzo[b]fluoranthene dominates. In the top 30cm of the core the higher 
molecular weight PAHs can be seen to be present in higher concentrations than the 
lower molecular weight fraction and this corresponds to work done by Rogers 
(2002), who suggested low molecular' weight PAHs are more likely to be 
remobilised from sediment and be more bioavailable. However, towards the bottom 
of the core, this distribution is less obvious (in all core sections the lowest molecular 
weight PAHs - acenaphthene and fluorene - contribute the smallest amount to the 
total concentration).
The same nine pyrolytic species as found by Vane et al. (2007) were dominant all 
though the core (Flan, Pyr, Chr, BaA, BbF, BkB, BaP, 11,2,3,P and BghiP) but there 
is some variation between each sample depth. This is likely to be due to the variety 
of sources of PAHs to the estuary (including chemical plants, oil refineries, sewage 
works, power stations and the docks).and the physical disturbance caused by the tidal 
mixing leading to resuspension and redistribution of the sediments (and their 
associated contaminants) on a regular basis (Rogers, 2002; Vane et aL, 2007). The 
dominance of the higher molecular* weight PAHs could indicate a high temperature 
combustion source (such as incineration) or it could be due to the higher molecular 
weight PAHs being preferentially adsorbed onto particulate matter and incorporated 
into the sediment (Witt, 1995). Lower concentrations of the lower molecular weight 
PAHs could be explained by the fact that they have a tendency to be found in the 
vapor phase (Guo et al., 2003; Cailleud et al., 2007).
Due to the large number of sources of PAHs to the Mersey estuary (Readman et al., 
1986) it can be incredibly difficult to identify a particular pollution event such as an 
oil spill. This was discovered by Davies and Wolff (1990) during their investigation 
of hydrocarbons following an oil spill in 1989. They found that the high background 
levels of pollution in the sediments all but masked out the input from the spill.
Readman and Mantoura (1987) found that PAHs from a combustion source are not 
subject to major decomposition in anaerobic sediment therefore concentrations found 
should be representative of historical inputs.
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8.7.2 PAH Ratios
PAH ratios (Table 4) have been used by many authors (Grimmer et aL, 1983; Prahl 
et aL, 1984; Takada et aL, 1990; Rogge et aL, 1993a,b; Khalili et ah, 1995; Gogou 
et aL, 1996; Neilson, 1998; Caricchia et al., 1999; Pandey et ah, 1999; Kavouras et 
aL, 2001; Oda et al., 2001; Mandalakis et aL, 2002; Park et al., 2002; Guo et al., 
2003 Fang et al., 2004; Mantis et al., 2005; Ravindra et al., 2006a, 2008) as a 
method of identifying the source of the PAHs found. Their use assumes that those 
being compared are diluted to the same extent during transport from the source and 
during dispersal in the environment.
PAH Diagnostic Ratio Source Value References
Fluoranthene/pyrene Vehicular 0.6 Neilson (1998)
Pyrene/B[a]P Diesel engine ~10 Oda et al. (2001)
Gasoline engine ~1
CPAHs/TPAHsa Combustion ~1 Prahl et al. (1984); Takada 
etal. (1990);
Mantis et al. (2005)
Ravindra et al. (2006a, 
2008); Gogou et al. (1996)
Indeno [1,2,3-
cd)pyrene/benzo[glu]perylene
Gasoline <0.4 Caricchia et al. (1999)
B [a]P/benzo [ghi]perylene Traffic emissions 0.5 Pandey et al. (1999); Park 
et al. (2002);
Brown coal >1.25 Pandey et al. (1999)
Benzo[b]fluoranthene/ Diesel >0.5 Pandey et al. (1999); Park
benzo[k]fluoranthene et al. (2002)
B [a]P/(B [a] P+cluysene) Diesel 0.5 Khalili et al. (1995); Guo 
et al. (2003)
Gasoline 0.73
Fluorene/(fluorene+pyrene) Diesel >0.5 Rogge et al. (1993a ,b); 
Mandalakis et al.
(2002); Fang et al. (2004); 
Ravindra et al.
(2006a, b)
Gasoline <0.5
Indeno[l,2,3- Cars 0.18 Grimmer et al. (1983);
cd]pyrene/(indeno[ 1,2,3- Ravindra et al.
cd)pyrene+benzo[ghi]perylene)
Diesel 0.37
(2006a, b) Kavouras et al. 
(2001)
Coal 0.56
Wood burning 0.62
Diesel emissions 0.35-0.70
Table 4: PAH ratios used by other authors.
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The PAH ratios found in this core indicate a variety of input sources including a 
mixture of diesel (benzo[b]fluoranthene/benzo[k]fluoranthene) and coal, as indicated 
by the indeno [ 1,2,3 -cd]pyrene/ indeno[1,2,3-cd]pyrene+ benzo[ghi]perylene ratio, 
gasoline (fluorene/fluorene+pyrene, pyrene/benzo[a]pyrene, indeno[ 1,2,3- 
cd]pyrene/benzo[ghi]perylene and combustion. This supports the reasoning that the 
lack of correlations between PAHs and other pollutants is likely due to the wide 
variety of sources (road traffic, industrial combustion and power stations). Vane et 
al (2007) found a mix of sources for PAHs in the Mersey
One interesting observation is that the concentrations of pollutant metals are 
decreasing towards the surface of the core whilst those of PAHs are not. This could 
be due to differing input sources (industry or atmospheric versus aquatic) or it could 
be due to differing behaviour of the pollutants once they have been deposited, with 
the metals being subjected to diagenesis and remobilisation and the organic 
pollutants being less influence by these processes.
8.8 Chapter Summary
As it can be seen from the complexity of the data, explaining the behaviour of metals 
and POPs in the sediment can be complicated, with multiple influences (grain size, 
lithogenic, organic matter and pollution) being potentially responsible for trends. The 
non-pollution related parameters were considered first to try to eliminate those 
metals whose behaviour could be explained by natural processes within the 
enviromnent. Once this was done it became apparent that a number of metals ar e 
present due to pollution input (even though there are also natural controls - organic 
matter, grain size - operating on their behaviour).
The dominant magnetic mineral appears to be magnetite with an increase in the 
haematite/goethite content towards the surface of the core. Lithogenic factors appear 
to control the behaviour and concentration of a number of metals (Si, Al, Ca, Zr, Ti, 
Sr and Ni), whilst the organic matter content of the sediment has an influence on 
others (Cl, Sr, Rb, Ni, S and Br). The lack of a significant organic matter relationship
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with PAHs and PCBs could be due to the relatively low levels of organic matter 
found in this core.
The sediment grain size is predominantly mud and the effects of grain size appear to 
be important on the behaviour of a variety of parameters (Si, Cl, Br, Al, Zr, Fe, Ca, 
K, S, Ni, Pb, Zn, Hg, Cd, Rb, Sr, PAHs and PCBs). Several elements have a 
diagenetic control acting upon them (Fe, Mn, Br, Cl, Si, Pb, Zn and Cr).
Once lithogenic, grain size, organic matter and diagenetic processes have been 
considered as explanations for behaviour, there are still a number of parameters (Pb, 
Zn, Cd, Hg, PCBs and PAHs) whose presence can be explained by anthropogenic 
influence and a couple (Ca and Zr) that might have a human impact influence on the 
their presence. The pollution input of heavy metals has been decreasing in recent 
years, as shown by a decrease in metal concentrations towards the surface of the 
core. However, PCBs and PAHs do not seem to exhibit the same obvious trend. This 
could be due to their persistence in the environment and the wide variety of sources 
for these compounds.
This supports the theory that Mersey is a polluted ecosystem and even though things 
appear to have been improving in recent years there is still a store of these pollutants 
within the system which have the potential to be remobilized (Fox el ah, 1999; 
Harland et al., 2000; Martino et al., 2002; Ridgeway et al., 2003).
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CHAPTER 9
CHANNEL CORE DISCUSSION
The processes acting on this core in terms of provenance and sedimentation are 
similar to those acting on the Upper Marsh core, although the effect of vegetation is 
less developed and tidal action is likely to be stronger. The overall trends observed in 
terms of inter-parametric relationships appear to be weaker, probably due to the 
location of the core in a much more dynamically active part of the estuary. As in the 
Upper Marsh core, in order to identify the anthropogenic influence on the sediment it 
was first necessary to eliminate factors controlled by natural influence such as 
mineral content, grain size and organic matter effects.
9.1 The Influence of Sediment Composition in the Channel Core
The relatively stable concentrations of A1 downcore indicate that it is present at 
natural background concentrations, as does the fact that it is below ASV. It shows 
weak positive correlations with Si, Ca, SIRM/ARM and % very coarse silt indicating 
that there is a lithogenic control on its concentration (Velde et al, 2003).
Ca is above ASV and decreases slightly downcore. It has a weak positive correlation 
with Si and Al which suggest a lithogenic control on its concentmtion (related to the 
local geology of the region) and coarse grained control and a weak negative one with 
Pb which is possibly due to Pb being associated with finer grained sediments. Ca 
shows weak negative correlations with Zn, Hg, %ARM and ARM which all support 
the theory of a grain size control on its presence. The weak positive correlation it has 
with Sr could be due to the presences of shell material in the sediment (Ridgeway et 
al, 2003).
Zr concentrations are much higher in the top part of the core than they are lower 
down (from about 8cm depth). It is above ASV and correlates positively (and this is 
supported by the PCA scatter plot) with lithogenic matter (Al, Si) (Boyle, 2001) and 
negatively with Fe, S, Zn, Br, Rb and Pb. It also shows a weak positive correlation 
with LOI which suggests that its negative relationship with the metals is not related
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to organic matter content and could be related to grain size (if the organic matter is 
particulate organic matter associated with the larger grain size fractions).
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Figure 47: Si, Ca, Zr Profiles.
Both Pb and Zn show weak negative correlations with Ca and Zr which could be 
interpreted as showing that their presence is not due to lithogenic input to the 
sediment, as Ca tends to indicate coarser grained sediment or biogenic/lithogenic 
material. Yang and Rose (2005) reported that a negative correlation between Pb and 
Ca was often due to dilution of the trace element by CaCOs in the sediment.
9.2 Organic Matter Behaviour in the Channel Core
The organic matter content of the sediment is low. There is an overall decrease in the 
organic matter content of the core with increasing depth. However there are a 
number of fluctuations in this trend. The organic matter concentration decreases 
sharply in the first 5cm of the core. This could be due to dilution of the organic 
matter by disturbance of the surface sediment during tidal inundations. It then shows 
an increase to around 10cm, at which point it begins to decrease again and does so to 
18cm where there in another increase (to 23cm) followed by a decrease towards the 
bottom of the core, which is probably related to decomposition of the organic matter 
taking place over time (Williams et ai, 1994).
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Figure 48: LOI.
9.2.1 The Influence of Organic Matter on Element Trends
Mn has a positive correlation with the finer grain size fraction and with LOI, 
suggesting that it is related to the organic matter content rather than a lithogenic 
control. This is supported by weak negative correlations with the coarse grain sized 
fraction and Si. Its positive correlation with Br and Cl could be due to the organic 
matter relationship or due to a marine source for those metals. Organic coatings on 
sediment have a tendency to be rich in ferromanganese oxyhydroxides (Luoma and 
Davies, 1983; O’Reilly Weise et at, 1995). Br concentrations show a downcore 
decrease and are well above ASV. It strongly correlates with Mn and LOI indicating 
a strong organic matter control on its presence (Harvey, 1980). The weaker 
correlations with fines and Fe support this, as do the negative correlations with 
parameters that would support a lithogenic and coarser grain size control theory (% 
sand. Si, Zr, Al). Fe shows a weak positive correlation with LOI which suggests an 
organic matter control on its presence.
The decrease in Ca at the top of the core corresponds to a decrease in organic matter 
content, which could cause decalcification to occur as the pH lowers (Luther and 
Church, 1988).
Cl values fluctuate considerably with depth and it is weakly positively correlated 
with S, LOI, Pb, Mn, Rb, %ARM, %ARM/SIRM and %ARM/%lf (strongly with Fe) and 
strongly negatively correlated with Zr (weakly with Si and SIRM/ARM). The Cl 
concentrations are probably related to finer grained sediment concentrations and to 
the presence of organic matter in the sediment, which decreases with increasing 
depth. The fact that it is well above ASV could be due to the influence of Cl in 
seawater from the estuary.
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Sr values are below ASV and fairly constant downcore. It shows a weak positive 
correlation (supported by the PCA data) with Mn, Br and LOI and other indicators of 
an organic matter control and it is weakly positively correlated with fines suggesting 
a fine grain size control is also operating.
9.3 Grain Size Effects in the Channel Core
The slight downcore increase in grain size is a result of the increase in the proportion 
of the sediment made up from the sand fraction and a decrease in the finer grained 
mud fraction. The mud fraction is the largest contributor to the overall grain size and 
this is similar to what was found by Ridgway et al. (2003) and to what is seen in the 
Upper Marsh core. However, unlike the Upper Marsh core the % of sand is 
increasing downcore, which could be due to the base of the core being deposited in 
more dynamic conditions.
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Figure 49: Grain Size.
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Si shows weak positive correlations with Al, Ca, Zr, SIRM/ARM and % very coarse 
silt. All of these tend to be present with coarser grained sediment or are at least 
indicative of a mineral contents association (Boyle, 2001). It also shows weak 
negative correlation with Fe, Mn Cl, Br, Rb and a weaker one with LOI, which tend 
to be found with finer grained sediment. This is supported by a weak negative 
association with the finer grain size fractions. The negative correlation Si has with 
XARM, xARM/^LF and xARM/SIRM also indicates its concentration increases with
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increasing grain size. Sr has a weak positive correlation with Ca suggesting a 
possible calcareous rock or shell input to the sediment (Davidson el al, 2005).
Ti values are fairly consistent (and just below ASV) which suggest that there is very 
little variation in the mineralogy and grain size of the sediment. It shows a strong 
positive correlation with K and both tend to be indicators of fine grained sediment 
such as clays and silts.
Fe has a negative correlation with Zr (and a weaker 0.05 level one with Si) which is 
usually present alongside coarser grained material. A positive correlation with fine 
grain size parameters such as ^ARM, y^ARM/SIRM and %ARM/xlf supports the 
suggestion of a grain size control on its presence. This could be due to the Fe 
forming surface coatings on the smaller grain side particles ((Luoma and Davies, 
1983).
S has a strong positive correlation with % fine sand and weaker positive one with 
mean grain size, % sand and weak negative correlations with finer grain size fraction 
indicators such as % mud, which indicate any grain size relationship is with the 
coarser fractions.
Pb, Zn and Cd all show weak positive correlations with % sand suggesting that at 
least some of the reason for their correlations with each other is due to a grain size 
influence. The association with the coarser grain size fractions have been shown by 
other authors (Hughes 1999; Cundy et al, 2003) to be a result of mining inputs of 
slag and smelting in the region (Fox et al, 1999; Harland et al, 2000).
Rb concentrations decrease in first 5cm downcore then show considerably 
fluctuation over the rest of the core and are below ASV. It shows positive correlation 
with the organic rich fines and weak negative correlations with Si, Zr and 
SIRM/ARM (indicators of coarse grain mineral matter) and Rb had been shown to 
bind to fine grained clay minerals (BGS, 1997).
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9.4 Channel Core Magnetic Results Discussion
The decrease in the magnetic parameters xARM, xARM/SIRM and xARM/xlf 
downcore indicate a slight increase in grain size and the peak in grain size at 9-12cm 
could possible indicate an increase in water flow bringing in coarser grained material 
when that part of the core was deposited. The weak positive correlation xlf has with 
the coarser grain size fractions and S1RM, SIRM/ARM and Soft, and weak negative 
ones with the finer grain size fractions, ARM, xARM/SIRM and xARM/xlf indicate 
that the magnetic fraction is preferentially found in the larger grain size fractions
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Figure 50: Magnetics Profiles.
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It would appear from the values of SIRM/xlf that the dominant mineral is magnetite 
(Thompson 1980). HIRM and Hard% values are fairly constant with depth but both 
show a large peak at 7cm suggesting a peak in the haematite/goethite concentration.
Soft values increase downcore with peaks at 7cm and 24cm indicating an increase in 
ferromagnetic minerals. As in the Upper Marsh core %FD values are low, which 
would suggest that the bulk of the magnetic signal is from non-soil sources 
(Thompson and Oldfield, 1985; Scoullos and Oldfield, 1986).
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9.5 The behaviour of Elements and Persistent Organic Pollutants in 
the Channel Core
Mn concentrations are around that of ASV suggesting that it has not been enriched 
due to a pollution input. The decrease in Mn values at 25cm appears to be associated 
with a decrease in Fe values (the 2 metals positively correlate). It is possible that this 
is the redox zone (Cundy and Croudace, 1995) and it is lower than in the Upper 
Marsh core due to the more dynamic nature of the location of the Channel core 
allowing oxygen to penetrate deeper into the sediment. The higher concentrations 
found towards the top of the core could indicate the formation of Mn oxyhydroxides 
(O’Reilly Weise et al, 1995).
Fe shows a weak positive correlation with Mn, S and Br which suggests a diagenetic 
control on its presence. Fe has a strong positive correlation with Cl which is either an 
indicator of a marine control on Fe (this is supported by the weak correlation with 
Br) or an indicator of a pollution control on Fe. The low concentrations suggest that 
it has not been affected by pollution, but that its concentrations are related to the 
natural background levels in the region (BGS, 1997). Sr has a weak positive 
correlation with Fe which suggests (along with the Mn relationship) a diagenetic 
control. The lack of correlations with other trace metals is similar to that found by 
Turner (2000) and probably due to the strong currents in the area widely dispersing 
the fine sediment and having a buffering effect on the relationships.
Figure 51: Element Profiles.
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The weak negative correlations A1 has with Fe and Mn could indicate that it is not 
being remobilised by any diagenetic activity taking place in the sediment (Shiller and 
Frilot, 1996). The weak positive relationship Br has with Cl is probably due to a 
marine influence on their presence.
After a fall in concentration in the first few centimetres, S shows an overall increase 
in concentration with depth to 26cm when levels start to decrease. This could 
indicate the location of the sulphate reduction zone (Rae, 1997). As in the Upper 
Marsh core the association found between S and metals (Fe, Cl, Pb, Zn, Rb and Cd) 
could indicate the formation of insoluble metal sulphides (McCaffrey and Thomson, 
1980; Zwolsmann et al9 1993; Cundy et al, 2003), as well as a grain size control and 
a possible pollutant input to the system (Alloway, 1995), perhaps from mining 
activities upstream.
K values are fairly consistent. It is below ASV and shows a strong positive 
correlation with Ti and weak ones with Fe, Pb, Zn, %ARM and ARM which suggest 
that there is very little variation in the mineralogy and grain size of the sediment. The 
weak correlation K has with Pb, Zn and Fe could be occurring by chance or could 
suggest a weak pollution input to the sediment, as K is used in many chemical and 
medical applications
Pb, Zn and Cd show an increase in concentration with depth and are all above ASV. 
A similar downcore trend is also shown by Hg, however, its concentrations fluctuate 
a lot more in top pail of the core than those of Pb, Zn and Cd. Pb and Zn have a 
strong positive correlation with each other (and the PCA scatter plot shows an 
association between them), a weaker positive correlation with Cd and a very weak 
one with Hg. This indicates that there is a pollution control on their concentration 
(supported by the fact that the region has low natural levels of Pb (BGS, 1997). This 
can also be related to the increase in magnetic minerals which is supported by 
positive correlations with an increase xlf and SIRM). They also all show weak 
positive correlations with S which would indicate a possible precipitation of metal 
sulphides being another contributor to their relationship (McCaffrey and Thomson, 
1980; Cundy et al, 2003). Concentrations are similar (if slightly lower) to those seen 
in the Upper Marsh core and by Langston (1986).
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Figure 52: Pollution Metals.
Pb has a weak positive correlation with Fe and K which could be due to it being 
associated with ferromagnetic coatings on the sediment grains. It is also possible that 
this relationship with Fe is due to post-depositional processes affecting its 
concentration. Zn is also weakly positively correlated with K (and very weakly with 
Fe).
Hg also shows a weak positive correlation with Ni which could indicate a pollution 
source for Ni. Ni values fluctuate downcore and are below ASV. Ni background 
levels in the area are low (BGS). The Mersey Estuary has history of high levels of 
mercury due to the releases from the chlor-alkali industry (Airey and Jones, 1982, 
Rae and Aston, 1982). Hg levels fluctuate widely in the top part of the core but are 
more stable below 13cm depth, except for two peaks at 23cm and 35cm and a dip at 
21cm.
The gradual decrease of Zn, Pb, Cd and Hg with decreasing depth is similar to what 
was found by Fox et al. (1999) and may relate to past pollution discharges into the 
Mersey which have been lowered in recent years due to stricter discharge 
regulations.
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9.8 Chapter Summary
The correlations shown between parameters in the Channel Core are weaker and the 
levels of most parameters in this core fluctuate a lot less than those in the Upper 
Marsh Core, probably due to the higher levels of mixing that occur in this area. The 
lower levels of fluctuation between parameters could account for the lower 
correlations or they could be an indication of a high level of disturbance due to a 
combination of bioturbation and physical mixing homogenising the conditions. This 
is possible as this core is nearer to the estuary and will be subjected to more physical 
disturbance by tides and increased or decreased water flow. This could mean that any 
relationships between parameters are disrupted and possibly removed from the 
sedimentary record or that the pollutant input into this core have stabilised (Valette- 
Silver, 1993; CwnAy etal, 2003).
The dominant magnetic mineral appeal's to magnetite, with a contribution from 
haematite and goethite. As in the upper marsh core a number of metals can be seen to 
have a lithogenic control on their behaviour (Al, Si, Ca, Zr) and grain size (which 
increases down core) affects the concentration of others (Ca, Zr, Si, Ti, K, Fe, S, Rb, 
Pb, Zn Cd). The influence of organic matter is another factor that affects the 
behaviour of metals in this core (Mn, Br, Cl, Fe, Rb) and diagenetic processes seem 
to be working on Fe, Mn and S. Even though there is a change in grain size and 
organic matter content downcore, they are not large enough to account for the metal 
profiles found and the most likely reason for the increase in pollution metals (Hg, Zn, 
Cd, Pb, and to a certain extent Ni) downcore seems to be anthropogenic activity in 
the region.
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CHAPTER 10
SPEKE HALL LAKE DISCUSSION
As in the two previous chapters a number of parameters were measured for this core 
and they are discussed here. This chapter considers the factors controlled by 
lithogenic content, organic matter and grain size effects and then looks at the 
potential influence of anthropogenic pollution inputs to the core. It also compares the 
core taken for this study with data collected for another study at the same location 
and the differences between the extracted and unextracted metal data.
10.1 Speke Hall Lake Comparison of Treated and Untreated 
Element Results
There was a significant difference between the values of all the pre-extracted 
(treated) sediment and the untreated sediment except for Ba, Cd, Pb, Y and LOT It 
was decided that because of this, all the statistical analysis using the metal data 
would be carried out with the untreated sediment results. This was because most 
other studies using metal XRF and FAAS data have not used sediment which has 
been pre-extracted for PCBs or PAHs, therefore, in order to be able to make a 
comparison with other results we needed to use the untreated metal. It was thought 
that the difference in values could be due to the solvents used in the extraction 
process coating the sediment and causing the XRF to give different results. It had 
been expected that the sediments that had been pre-extracted would have lower metal 
levels due to liberation of the metal by the ultrasonics, however this was not the case. 
In fact, with many of the metals the extracted sediment showed higher levels than the 
unextracted sediment. It is possible that the variability within each sediment sample 
could be giving the results, or that the ultrasonic extraction released some of the 
more tightly bound metals from the sediment enough for them to register higher 
concentrations on the XRF.
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10.2 The Influence of Sediment Composition in Speke Hall Lake
A1 concentrations in the Speke Hall core are very low and well below ASV. As in the 
other cores the weak positive correlation with Si and the strong correlation (and 
grouping in the PCA scatter plot) with Mg (which is another lithogenically controlled 
element), Ti, K xARM, SIRM/xlf and ARM suggest its presence is related to natural 
inputs rather than a pollution input (De Vos et al, 2006). The strong negative 
relationship with LOI would suggest that the Si is not related to organic input and 
more to the mineral content of the sediment (BGS, 1997; De Vos et al., 2006).
Si shows a gradual downcore increase in concentration and is well below ASV. It 
shows a weak positive correlation with Al, Ti, Mg and Zr and weak negative 
correlations with LOI. These correlations indicate a lithogenic control on its presence 
related to the geology of the area. The grain size correlations and magnetic data 
indicate that Si levels are related to the finer grained particles and this is supported 
by increase in Si downcore being accompanied by a decrease in mean grain size.
Ti is well below ASV and has a stable downcore profile. It shows a strong positive 
correlation with K and weaker one with Zr, xlf, HIRM, SIRM and a strong
negative one with S and weaker negative ones with Mn and P. These correlations 
suggest that there is a grain size (larger fraction) and lithogenic factor controlling its 
concentration in the sediment.
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Figure 53: Si, Al, Ca Profiles.
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The strong correlation Ca has with Sr could be an indicator of calcareous rock input 
into the sediment (De Vos et al., 2006), or it could be due to the source being the 
shells of aquatic organisms (Ridgeway et aL, 2003). The peaks towards the bottom of 
the core could be related to the formation of secondary carbonate minerals due to an 
increase in alkalinity caused by sulphide reduction (Zwolsman, 1993). The decrease 
in concentration at the top of the core could be due to decalcification taking place 
due to a lowering of the sediment pH caused by decomposition of organic matter 
(Luther and Church, 1988).
10.3 Organic Matter Behaviour in Speke Hall Lake
As expected, LOI has a weak positive correlation with TOC (both are measures of 
the organic matter present in the sediment). Both are high and show a decrease 
towards the bottom of the core, probably due to bacterial breakdown of the organic 
matter (Meyers and Ishiiwatari, 1993). TOC has been shown by Tyson (2001) to be 
affected by autochthonous organic matter, inorganic dilution, allochthanous organic 
matter and decomposition of the organic matter during early diagenesis. Lower 
values of TOC in the top few samples could be due to a change in the amount of 
organic matter entering the lake, e.g. clearing of vegetation surrounding the area, or a 
reduction in primary productivity within the lake due to a reduction in nutrients 
entering the lake, or even a change in the amount being washed into the lake in 
recent years due to a change in the drainage pattern of the area (although there is no 
evidence of this). The high levels are probably related to the location of the lake in 
woodland with a lot of vegetation producing leaf litter which often ends up in the 
lake, or possibly to changes in the level of the lake which would control the area 
covered by the marginal wetlands. Organic matter also shows weak positive 
correlations with % medium sand indicating that the organic matter is associated 
with that grain size fraction and it could, therefore, be present as particulate organic 
matter.
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Figure 54: Organic Matter Profiles.
Speke is a relatively shallow lake, which means that the length of time it takes for 
organic matter to reach the bottom and be incorporated into the sediment is relatively 
short. This is also a contributing factor to the high levels found in the sediment 
(-40% LOI and ~30% TOC) (Meyers and Ishiiwatari, 1993). The C/N ratio of 
between indicates a mixed source of organic matter including both non-vascular 
aquatic plants (e.g. algae) and vascular land plants (e.g. trees from the surrounding 
area) (Meyers and Ishiiwatari, 1993), which would be expected given the nature of 
the lake’s location. This is supported by the relatively coarse grain size of the lake 
sediments, which would suggest a lot of locally derived surface wash of organic 
matter and coarse particles. Organic matter can be found either as surface coating on 
the sediment or as separate particles. If present as surface coatings, it presents a 
larger surface area and has a greater ability to accumulate trace elements (Mirlean el 
al, 2003). The increase in the C/N ratio towards the base of the core suggests 
diagenetic remodification of the organic matter (Pratono and Wolff, 1998; Meyers 
and Ishiiwatari, 1993) or possibly a change in the source of the organic matter. A 
lack of strong correlation with metals and organic pollutants (PCBs and PAHs) and 
organic matter could indicate a variation in the source of the organic matter with 
time, i.e. a change in the dominant vegetation in the surrounding area, or enhanced 
algal primary productivity within the lake (Luoma and Davies, 1983).
10.3.1 The Influence of Organic Matter on Downcore Trends in Element and 
POP Concentration
Organic matter has weak negative correlations with Fe, Mn, S, P, Br, Cd, Cu, Pb, Y, 
Zn, finer grained particles and magnetic indicators of particle size. This would
222
suggest that the concentrations of these metals are linked to either a lithogenic or 
pollution input to the sediment rather than an association with organic matter. 
However, as the majority of the sediment is coarser grained material then that could 
explain why here is a negative association between LOI and the finer grained particle 
sizes - the relationship is being masked by the larger proportion of coarser material.
The weak positive correlation K has with TOC suggests a possible organic matter 
control on its presence. Rb concentrations are below ASV and are fairly constant 
downcore. Rb correlates positively with organic matter (TOC, LOI) several metals 
and several PCBs. The negative correlation with the metals and PCBs could be due 
to the apparent association Rb has with the coarser grain size fraction which could be 
due to the organic matter being present as larger particulate organic matter.
10.4 Grain Size Effects in Speke Hall Lake
The sediment was a mix of fine and very fine sand and the unimodal distribution 
indicated that it was dominated by one particle size fraction and this is supported by 
the grain size frequency leptokurtosis. The negative skewness also supports the mix 
being that of finer grained sandy material and supports the idea that there is 
significant inwashing of material from the surrounding area. The decrease in grain 
size downcore could account partially for the increase in metals and organics 
downcore, due to their preferential adsorption to smaller particles. The majority of 
the sediment is sand with some mud and no gravel. There is an increase in the 
proportion of mud towards the bottom of the core.
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Figure 55: Grain Size Profile.
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Ca has positive correlations with fine grained sediment parameters, indicating that its 
concentration is related to finer grained sediment input. This is supported by negative 
correlations with coarse grain size fractions.
The below ASV concentrations of K indicates that it is present at natural background 
levels for the area and has not been enriched via pollution input. K shows strong 
positive correlations with Ti and Rb, and weaker ones with the coarse grain size 
fraction as well as with magnetic grain size indicators. K, Ti and Rb are normally 
associated with the finer grain size fraction, but in this core it seems they are 
associated with the coarser grained material. This could be due to the relatively 
coarse grain sizes present in this core. The weak negative correlations with pollutant 
metals supports the argument that the presence of K is not due to a pollution 
relationship but is probably due to grain size effects related to larger grain sizes and 
also to natural lithogenic inputs.
Mg concentrations are below ASV and fairly stable downcore. It shows weak 
positive correlations with coarser grain size pammeters (% sand) and metals that tend 
to have a coarse grained associations. It shows weak negative correlations with some 
of the organic pollutants (PCBs and PAHs) which could be due to the grain size 
influence.
It would appear that there are strong grain size controls on the Mn concentration 
(supported by PCA scatter data) with positive correlations with the finer grain sized 
fractions and negative correlations with the coarser grain size fractions and metals 
such as Ti and Zr, which tend to be associated with the coarse fractions. This is likely 
due to Mn forming surface coating on the finer grained size fractions (Luoma and 
Davies, 1983). The positive correlations it shows with metals could indicate that they 
are being remobilised by diagenetic process and precipitating out as metal oxides. It 
also shows a strong negative correlation with TOC. Mn has a weak negative 
relationship with a number of PCBs which could be due to a grain size influence on 
their presence within the sediment. The low values are due to the natural background 
levels in the regions (BGS, 1997).
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Fe shows positive correlations with the finer grain size fraction and weak negative 
correlations with coarse grain size indicators such as % sand and Zr. Fe is known to 
form surface coatings on the smaller grained sediment (Luoma and Davies, 1983).
Sr values are below ASY and stable downcore. It shows positive correlations with 
fines, SIRM/ARM and SOFT/ARM, suggesting a fine grain size control on its 
presence, as was found by Liszewski et al. (2000). This could at least partially 
explain the correlations it shows with Mn, As, Ba, Cd, Cu, Ni, Pb, Zn and Y. Ba 
shows a large number of positive correlations and negative correlations and it would 
appear from these relationships that there is a fine grain sized fraction control on its 
presence.
Rb correlates positively with the coarser grain size fractions (% sand) and negatively 
with finer grain size fractions.
Many of the PCBs have correlations with magnetic indicators of grain size (if not 
actually with the grain size fraction themselves). The majority of these correlations 
appear to show that the PCBs are more associated with slightly coarser grains rather 
than finer grain size fraction as was expected. However, this could be explained if 
the larger grain sizes are considered to include particulate organic matter to which 
both the metals and PCBs have formed coatings.
A number of PAHs show a positive correlation with the coarser grain size fraction 
(% coarse sand and % very coarse sand) and a negative correlation with fines which 
would suggest that here is a grain size influence on their concentrations. Several 
PAHs have a weak positive correlation with Zr which could be related to the grain 
size fraction correlations (Fralick and Kronberg, 1997).
10.5 Speke Hall Lake Magnetic Results Discussion
The positive correlation of %lf and Kappa with Soft and a negative correlation with 
Hard% indicate that the dominant mineral is magnetite (Thompson, 1980). This is 
supported by the high values of -300mT (Oldfield and Yu, 1994). Hard % increases
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upcore, which suggests that the amount of haematite and goethite increases upcore 
relative to the magnetite which increases downcore (Dealing et aL, 1997; Yang, 
1997).
The peaks in %lf. Kappa, SIRM and %A.RM in the middle of the core indicate that 
these are areas of the highest concentrations of magnetic minerals. The values of FD 
% indicate that there is a mixture of SP, SSD and MD grains (Muxworthy, 2001). 
There appears to be a peak in TOC and % mud at a similar level, which could be an 
indication of an increase in fine grained organic particles due to reductive diagenesis 
(see below).
The increase in magnetic grain size ratios downcore supports the grain size data 
which shows an increase in the percentage of mud downcore and a decrease in the 
percentage of sand. The correlations between metals and the magnetic parameters 
appear to be grain size related rather than an indicator of pollution input. In fact, 
many of the correlations between metals such as Cu, Sr, Ni, Cd, Zn and magnetic 
indicators of grain size (%ARM, ^ARM/SIRM, xARM/%lf) are negative, which 
suggests that the metals are linked to large grain size particles rather than the fines. 
This is the opposite of what other authors have found (Scoullos and Oldfield, 1986; 
Zhang et aL> 2001). This could be due to the dominance of the grain size fiaction by 
sand or it could be due to post-depositional alteration of the magnetic minerals. 
There is no positive correlation between %lf and the ‘pollutant’ metals, but there is 
one with Ti and Zr and these metals along with K correlate positively with SIRM and 
HIRM. A negative correlation between %ARM/SIRM and Ca indicates that these 
decrease with increasing grain size.
In a core with a high percentage of organic matter, Wheeler et al, (1999) showed a 
relationship between organic matter breakdown and % SIRM and %ARM 
concentration indicating reductive diagenesis due to organic matter breakdown was 
removing the fine grained biogenic magnetite. Work by Tarduno (1995) showed that 
in anoxic sediment with a high percentage of organic matter reductive dissolution 
occurs, affecting the concentration and particle size of the magnetic component. The 
sediment is initially coarsened by the removal of smaller particles due to their larger 
surface area to volume ratio. However, in the final stages of this process the
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magnetic grain size can become very small due to the remnants of the magnetic 
grains that are left. This process could have led to the production of small magnetic 
minerals in this core, which would explain the relationship with the magnetic 
parameters (and the large peak in magnetic concentration - xARM and SIRM - in 
the middle of the core), Although neither LOI nor TOC correlate with these 
parameters to support this, there does appear to be a peak in TOC at a similar level in 
the core. In this core it is not possible to use magnetic susceptibility as a measure of 
heavy metal pollution due to the lack of correlations with the ‘pollutant’ metals.
%FD values are low (almost zero in places) which would indicate that the bulk of the 
magnetic signal is from non soil sources (Thompson and Oldfield, 1985, Scoullos 
and Oldfield, 1986). This is due to the fact that the FD% is derived from weathered 
soils and represents fine grained magnetic crystals that are only present in very small 
amounts in non-soil derived materials. The positive correlation between Ti, and 
Soft could indicate that the magnetite is titanium substituted magnetite (Maher and 
Oldfield, 1999). It is possible that the high organic matter content of the sediment 
and the variety of pollutant sources to this core - road, traffic, industrial incineration, 
chemical plant emissions of metals and PAHs - have masked out any specific source 
of pollutants and any specific magnetic relationship with these pollutants, e.g. Pb and 
Xlf. A similar situation was found by Kapicka et al. (1999) in a study of soil pollution 
and magnetic susceptibility in the Czech Republic.
10.6 The Behaviour of Elements and Persistent Organic Pollutants 
in the Speke Hall Lake Core
After a slight decrease in concentmtion from the top of the core to 10cm depth, Ca 
values show a downcore increase and are above ASV. The strong positive correlation 
it shows with metals that have a pollution control (As, Cd, Cu, Ni, V, Zn) on their 
concentration (and weak positive correlation with S and several PCBs) indicate that 
it also has a pollution input (possibly from industrial development in the area - 
building developments can release Ca to the environment from concrete and cement 
usage, as does the addition of lime to soil in agricultural activity) (BGS, 1997). It is
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possible the peak towards the bottom of the core could be related to a surge in 
construction in the local area.
The relationship S has with Fe and Mn suggests a diagenetic control on its presence 
caused by bacterial sulphate reductions (Zwolsmann et al., 1993; Cundy and 
Croudace, 1995; Spencer, 2003) and its relationship with other metals could be due 
to the precipitation of insoluble metal sulphides or an industrial related source of the 
S (e.g combustion of fossil fuels) to the sediment. It also shows a weak negative 
relationship with several PAHs, which could be related to grain size effect and TOC 
levels.
Fe has a similar downcore trend to Mn and shows a strong positive correlation with S 
and weaker ones with Mn, P, As, Cd, Br, Cu, Ni, and Zn. The positive correlation 
with the heavy metals (Pb, Zn, Ni, and Cd) could be due to their association with the 
finer grain size fraction and indicate a diagenetic control on their behaviour. The 
correlation with Mn and S suggests a diagenetic control on the presence of Mn 
(O’Reilly Weise et al., 1995). The weak negative correlation Fe shows with various 
PAHs could be due to them being associated with coarse grain size fraction. It is 
unlikely that there is a pollution influence on Fe in this core, due to the low levels 
present and the stable downcore profile (BGS, 1997).
Figure 56: Fe, Mn, S Profiles.
Cr values are below ASV and are stable downcore. Cr shows weak positive 
correlations with Fe, Mn, As, Cu, Ni, V, Y and PCB 47. These are likely to be 
related to a diagenetic control on its behaviour. Interestingly, Cr values are lower 
than ASV despite relatively high natural concentrations in the local area (BGS,
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1997). The positive relationship with Fe is likely to be the results of Cr forming 
complexes with Fe (Turner, 2000).
Br is above ASV and fairly stable downcore. It correlates positively with Fe and 
negatively with Zr which could suggest a weak diagenetic control on its presence.
Due to low natural levels in the Merseyside region (BGS, 1997), the high levels of 
Pb found here are likely to be related to the industrial history of the region. The 
decrease in Pb towards the surface of the core could be explained by the tighter 
regulation of emissions in recent years including the removal of Pb from petrol. The 
increase in Pb from the bottom of the core to around 23-24cm could be an indicator 
of the increased use of motor vehicles in the area in the 1950s and 60s. However, 
even in the surface sediment Pb is considerably higher than ASV so there is 
obviously still a pollution input to the area. This could be via surface runoff from 
contaminated soils in the catchment or atmospheric deposition.
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Figure 57: Pollution Metal Profiles.
The other ‘pollutant’ metals As, Cd, Ni and Zn also decrease towards the surface of 
the core, which could also be due to a decrease in their release to the environment 
due to increased regulation, a decrease in industrial actively in the region (e.g.
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mining) and more efficient industrial processes. However the only one to drop below 
ASV is Ni.
Pb, Cd, As and Zn show strong positive correlations with each other as well as with 
V, Cu and Ni. This would suggest a pollution related link between these metals. 
However, these metals are often found in the same mineral deposits which could also 
suggest that the correlations are related to a similar mineral source rather than a 
pollution influence (Smedley, 2002). They all have positive correlations with % fine 
sand and % coarse silt, which leads to the conclusion that at least some of their 
relationships with each other is based on a grain size link. This is supported by the 
positive correlations they have with SIRM/ARM and Soft/ARM and negative 
correlations with yARM/SIRM and yARM/xlf. All the above metals show a negative 
correlation (at different degrees of significance) with organic matter indicators 
(either TOC, LOI or both). It could be that when an area is heavily vegetated (like at 
Speke) more of the pollutant metals are stopped from entering the sediment and are 
trapped on the vegetation. This could also support the theory that the majority of 
pollution entering the lake comes from airborne sources.
Pb, Cd, As and Zn also all show varying degrees of correlation with various PCBs. 
This could be due to shared sources or it could be due to a general pollution input to 
the area. Interestingly, none of them correlate with PAHs, which would suggest 
either a different source for the PAHs, a different method of deposition or that PAHs 
behave very differently to PCBs and heavy metals in lake sediment.
Cd, Zn, Pb, As, Ni, V and Cu also all show a positive relationship with Mn whilst 
Ca, Y and Ba and Y, As, Cd, Zn, Cu and Ni have a positive relationship with Fe. 
Vanadium, Cd, Zn, Cu and Ni also show a positive correlation with S. These positive 
correlations indicate varying degrees of diagenetic association between the metals. 
The positive relationships with S could be an indicator of the formation of metal 
sulphides (McCaffrey and Thomson, 1980) and the ones with Mn, an indication of 
post depositional remobilisation and are supported by a positive relationship with Fe 
possibly due to the formation of Mn-Fe Oxyhydroxides (Cundy and Croudace, 
1995). Y can be a pollution metal, as it is often released by mining activities and S 
can be released during Cu smelting, as can As (Rees, 2007). Cd often shows a strong
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affinity for clay fractions (BGS, 1997) and its relationship with Pb and Zn is often 
mining related (BGS, 1997). High Cu levels in the area can be related to mining, 
smelting and other industrial activities (Harland et a!., 2000) and it is absorbed on to 
the finer grain size fractions.
Of all the metals looked at, Cd is often the most readily remobilised during 
diagenesis and this could explain its positive correlation with Fe and Mn (Giblin et 
al.j 1980). However, its correlation with the other metals can be explained by 
common pollution based sources for these.
Ni concentration follows a similar profile to the other contaminant metals and is 
above ASV towards the base of the core. This supports the conclusion that there is an 
anthropogenic control on its presence, as natural background levels in the region are 
low and the decrease toward the surface of the core indicates that discharges to the 
region have improved in recent years (BGS, 1997).
The fact that As has a positive correlation with the other metals would suggest that 
the lake has not been acidified as, in acidic conditions, As is known to precipitate out 
of the sediment but not the other metals (Webster, 1999). Mining is a common 
source of As contamination - which could explain why it correlates with Pb, Zn and 
Cu (Bryan and Langston, 1992). Arsenic is strongly sorbed by Fe and Mn 
oxyhydroxides, which would explain the positive correlation with these elements 
(Belzile and Tessier, 1990; De Vitre, 1991; Bryan and Langston, 1992; Camacho- 
Ibar, 1992; BGS, 1997). It is also used in pesticides (sodium arsenite), but this use 
was banned in the 1970s, which could be one of the reasons for the decrease in 
concentration towards the surface of the core (Valette-Silver, 1993).
V concentrations are below ASV (regional background level are also low, BGS, 
1997) but it shows a similar downcore profile to known ‘pollutant’ metals (Cd, Zn 
and Pb) and approaches ASV at the bottom of the core. V can enter the aquatic 
environment via pollution sources, for example, coal and oil combustion, traffic 
pollution (BGS, 1997) and a pollution control on its presence is supported by a 
positive correlation with the other ‘pollutant’ metals and a variety of PCBs. There 
also appears to be a fine grain size fraction control on it (which could also partially
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explain the relationship with the metals) and possibly a diagenetic influence on it 
(positive correlations with Mn, Fe and S), as V can often form complexes with 
organic matter and Fe oxyhydroxides. It is often found in magnetite (and the top part 
of its profile is similar’ to that of Soft magnetism (BGS, 1997).
Hg shows a slight decrease in concentration towards the surface of the core. 
Although no correlation was detected between organic matter content and Hg this 
could be due to the type of organic matter present. In a study of Canadian lakes, 
Sanei and Goodarzi (2006) found in one core no correlation between Hg and TOC, 
however, when the relationship between the different fractions of organic matter was 
investigated a correlation was found between Hg and the more labile free volatile 
hydrocarbons in the sediment, but not the higher molecular weight hydrocarbons 
from an algal sources (which are more resistant to diagenetic change). They also 
showed that in a lake with a large amount of allochthonous organic material there 
were lower correlations with Hg and TOC. This could be what is occurring in the 
Speke Hall core. If large amounts of organic matter are entering the sediment from 
the surrounding area it could be masking out any relationship between Hg (and other 
metals) and organic matter within the lake. A relationship was found with Hg and 
TOC from a lake where the organic matter was composed of coal particles and other 
burning products (Goodarzi, 2006), which would indicate that in this lake the 
majority of organic matter comes from vegetation, not combustion sources, as there 
is no correlation with Hg and organic matter and reduced (and in some cases 
negative) correlations with other metals and the organic pollutants. Concentrations 
are an order of magnitude higher than have been found in the Canadian study, 
probably due to the location of the lake being nearer industrial sites.
The correlations between Sr and Mn, As, Ba, Cd, Cu, Ni, Pb, Zn, and V could be due 
to a pollution relationship (Zn from refining, industrial waste incineration - which 
could also explain its weak positive correlation with a number of PCBs). It would 
appear that there is no organic matter control on Sr, as it has a weak negative 
relationship with LOI and a strong negative one with TOC. Barium concentrations 
exhibit a slight downcore increase but are well below ASV and it also appeal’s to be 
related to possible sources of pollution (it can be present due to mining activities and 
is often associated with Cu deposits and industrial waste deposition) (BGS, 1997).
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However the correlations could be purely due to these metals and Ba forming Mn-Fe 
oxyhydroxides.
The concentration of Zr is below ASY and shows a slight downcore increase to 25cm 
followed by decreasing concentrations to the bottom of the core. None of the 
correlations suggest an overall grain size control on its concentration, but the weak 
negative relationship with Fe, Mn, S, P and Br could be an indicator of a diagenetic 
and organic matter control on its concentration. There is also the possibility of a 
weak lithogenic control on it (positive correlations with Si and Ti) and even a 
positive relationship with several PAHs which could be related to wear and tear on 
brake pads and therefore indicate an anthropogenic influence on Zr.
Following on from an initial downcore decrease (to 9cm) P shows a constant 
concentration until 28cm when it starts to increase. It is well above ASV and has a 
strong positive correlation with S and weaker positive correlations with Fe, Mn and 
the finer grain size fractions. Fe is usually the main carrier of P in the aquatic 
environment (Spencer, 2003). P negatively correlates with the larger grain size 
fractions and Ti, K, Zr and magnetic concentration factors. These relationships 
would suggest that its presence is controlled by diagenetic processes and the finer 
grain size fraction rather than by a lithogenic input and large grain size factors 
(Finney and Huh, 1989). It is also possible that the high concentrations could be 
linked to a local input factor such as fertilizer use. Positive correlations between P 
and Fe have also been shown to be linked to the presence of furnace waste (but this 
usually has a correlation with Ca as well, due to the addition of Ca as part of the 
process to remove P during the production of iron) (BGS, 1997).
10.7 PCBs in the Speke Hall Lake Core
In general, PCBs appear to show a slight downcore decrease to 10cm depth followed 
by an overall downcore increase in concentrations. They all seem to have very low 
sediment concentrations between 10cm and 13 cm depth and at 14cm and 24cm 
depth. It is possible that these low concentrations are related to climatic variation in 
the region. Either a very dry year with very little water entering the lake, therefore
233
small amounts of PCBs entered the sediment or possibly a wet year with a lot of 
material washed into the lake which diluted the PCB signal. However, there are not 
low values of other parameters at these depths which would be expected if weather 
changes where the explanation, therefore it is more likely that the low values are due 
to a change in source of the PCBs, possible a factory or incinerator closing down. 
The increase from this point to the surface to the core could also be explained by a 
new source coming on line after this point, e.g. a new incinerator or a change in the 
major source of pollution from a local to long distance atmospheric transport source 
It is likely that the decrease in PCB concentration from the bottom of the core to 
14cm is due to a decrease in the amount of PCBs being released into the environment 
as stricter discharge regulations and cleaner technologies came on line.
The overall downcore increase in PCB values supports the theory that the pollution 
input to the area has decreased in recent year’s. Concentrations are relatively low but, 
in recent years, there appears to have been a slight trend to increasing PCB 
contamination. It is unlikely that this comes from direct industrial emissions due to 
the banning of the use of PCBs in the 1970s, but it does show the persistency of these 
compounds. It is possible that this increase could be due to an increase in the 
decommissioning and disposal (e.g. by incineration) of PCB containing equipment in 
recent years and, if this is the case, it could be used as an argument against the use of 
incineration for equipment containing persistent organic pollutants. The increase 
could also be the result of PCBs leaching from landfill sites or even long range 
transportation from other parts of the country/world (Holden, 1981). The possibility 
of long range transport as a source is supported by the fact that the congeners that 
seem to best show an increase towards the top of the core are the lower chlorinated, 
more volatile congeners (18, 28, 44, 49 and 52) and these appear to show an increase 
in their relative percentage contribution to the total PCB concentration in the top of 
the core (Camacho-Ibar, 1991). This is similar to what was found by Klanova et al. 
(2008) in Antarctic sediment. High concentrations of PCB 28 and 52 can be 
explained due to the fact that, historically, these are two of the most abundant PCBs 
produced (Breivik et al, 2002) and the most volatile.
In general, the PCBs show positive correlations with other PCBs indicating a related 
source. The majority of PCBs show positive correlations with many of the ‘pollutant’
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metals with Cd, Pb, Zn, Ni showing the greatest number of positive correlations and 
As, V and Cu also showing correlations with a number of PCBs, whilst Hg has 
negative correlations with many PCBs. The correlation with metals indicate either a 
related source from local industry or possibly a related long range source, if the 
metals are also subjected to long range transport, or it could be due to the metal and 
the PCBs being associated with the same grain size fraction.
The only PCBs to show a relationship with PAHs are PCB 66, 101, 151, 105 138 
PCB 128, PCB 180 and Total PCBs. It is possible these correlations occurred 
accidentally or that they show a similar source for these compounds or that they are 
occurring due to both PCBs and PAHs showing the same grain size fraction 
relationship.
The presence of PCBs at the bottom of the core indicates that the core depth has not 
reached pre-PCB production depth so, therefore, does not go back further than the 
1930s or 1940s, which would support the proposed time line suggested in the metals 
section above.
10.8 PAHs in the Speke Hall Lake Core
10.8.1 PAH Concentrations
The downcore profile of PAHs is very variable, probably reflecting the variable 
nature of the sources of these compounds. PAHs enter the environment from natural 
sources such as burning vegetation, as well as from manmade sources such as vehicle 
exhaust emissions and incineration (Yunker et al., 2002).
As mentioned in the results chapter there appears to be decreases in concentrations of 
phenanthrene, anthracene, fluoranthene, pyrene, chrysene, benzo [a] anthracene, 
benzo[b]fluoranthene, benzo[ajpyrene, indeno[l,2,3-cd]pyrene, benzo[ghijperylene 
and dibenz[ah]anthracene at 8cm, 13cm, 19cm, 22cm and 32cm. This trend can also 
be seen in acenaphthene and fluorene, although it is not as obvious. As with the 
changes in the low concentrations of PCBs, it is possible that this could be due to a 
short term change in the local climate (e.g. a very wet or very dry year). However,
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there is no corresponding change in the metal parameters that would support this 
theory, leading to the conclusion that a change in the source of the PAHs, rather than 
a natural phenomenon, is responsible the lower values.
Aside from the correlations with PCBs mentioned above PAHs correlate well with 
each other. Phenanthrene, anthracene, pyrene, chrysene, benzo [a] anthracene, 
benzo[a]pyrene and total PAHs have a positive correlation with Fe and S, whilst 
benzo [b]fluoranthene, benzo[k]fluoranthene and benzo[ghi]perylene have a positive 
correlation with S and indeno[l,2,3-cd]pyrene has a positive correlation with Fe. 
These relationships could be an indicator of a potential diagenetic control on PAH 
behaviour (Benlahcen et aL, 1997) or the relationship with S could be an indicator of 
the source being coal combustion.
High levels of organic matter input have been shown to dilute the relationship 
between PAHs and TOC and could explain why correlations are low in this core 
(Pereira et ah, 1999). A number of studies have highlighted the importance of 
atmospheric sources of PAHs and PCBs in small lakes (Gevao et al, 1997, 1998, 
2000).
As in the Oglet Bay Upper Marsh core, the higher molecular weight PAHs dominate 
the distribution and could indicate a combustion source dominating the input (Witt, 
1995). There is very little variation in % PAH distribution downcore which could 
indicate that the sources of the PAHs have not varied in recent years or that there has 
always been a complicated input of PAHs from a variety of different sources.
The correlations the PAH show with %lf could be due to a combustion source for the 
PAHs, possible as part of fly ash from coal fired power stations or waste incineration 
(Morris et al, 1994).
10.8.2 PAH Ratios
The PAH ratios suggest that the major contribution to the area comes from vehicle 
exhausts with a mixture of gasoline and diesel engines, which is to be expected 
considering the nature of the location of the lake (Caricchia et al., 1999; Pandey et
236
aL, 1999; Oda et aL, 2001). However, there is also a combustion source (as indicated 
by the CPAH/TPAH ratio) and some coal burning contribution (Pandey et aL, 1999).
10.9 Comparison of Studies
The presence of PCBs in the deepest part of the Speke Hall core indicates that the 
sediment is from relatively recent history (post-193Os). No specific dating techniques 
were earned out on this core, but an attempt was made to date it by comparing a 
number of parameters with those of other cores taken from Speke Hall Lake 
(Worsley et aL, 2005; Power and Worsley, 2009). Figure 58 shows how the different 
peaks in the parameters have been linked to try to establish a chronology between the 
core from this study and those in the other studies that have been arrived at through 
210Pb dating. Due to the PCBs indicating that the core ha this study has to be from 
post-1930s, it was decided that this core should be linked in with the sections of the 
cores from the other studies that corresponded to the same time period. This was 
done by assessing which of the post-1930s peaks in the Worsley et al. (2005) and 
Power and Worsley (2009) studies could correspond with peaks in the matching 
sediment parameters this study.
A number of potentially related peaks in the data have been linked by correlation 
lines (Fig 58). Peaks in xlf from this study at 12cm and 27cm have been linked with 
peaks in the Worsley et al. (2005) study at around 4cm and 10cm depth, and it is 
likely, based on cross-correlation that the peak in this study at 27cm depth 
corresponds with that found at 12cm in the Power and Worsley (2009) core. It is 
possible, based on sedimentation rate from the correlated peaks all ready established, 
that the peak in the ARM at 15 cm in this study corresponds with a peak at around 3- 
4cm in the Power and Worsley (2009) study. One of the parameters used in the 
Worsley and Power (2009) study and this study was S, so this was also used to 
investigate potential cross-correlation between the studies. Due to the smoothness of 
the S profile from this study, it is difficult to assess whether or not any of the peaks 
correspond with those found in the Power and Worsley (2009) core. The line on 
Figure 58 joining the S cores has been plotted based on the depths of corresponding 
peaks found in the ARM data. Using the same method, peaks in the Pb (at 12cm and
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27cm) and Zn (at 14cm) data have been linked with the data from the Worsley et al 
(2005) and Power and Worsley (2009) cores respectively.
Comparison of the downcore profiles from this study and the other studies (Worsley 
et ah, 2005; Power and Worsley, 2009) show similar trends for the parameters. 
However, certain peaks in these trends occur at different depths in the studies, 
suggesting different rates of sedimentation at the different core locations. In this 
study all the profiles are a lot smoother than those seen in Worsley et al. (2005) and 
Power and Worsley (2009) cores, possibly due to a faster sedimentation rate. From 
these compar isons (Fig 58) it would appear' that sedimentation rate varies within the 
lake and it is possible that the core from this study is from an area with 
approximately three or more times the sedimentation rate of the areas the other cores 
where taken from. If this is the case, then it would suggest that the data in this study 
are of a higher resolution that that from the Worsley et al. (2005) and Power and 
Worsley (2009) cores. The higher sedimentation rate could be due to the core from 
this study being from a deeper part of the lake than the cores from the other studies, 
or possibly located in a section of the lake that receives higher sediment input from 
the land.
If we accept that the sedimentation rate, in the area the core for this study was taken 
from, is around three times higher than the other cores then it can be concluded that 
this core is approximately 70 years old, dating from the mid-1930s. It was decided 
(based on corresponding peaks in the data - see above) that the upper 15 cm of this 
core corresponded to the top 5cm of the core taken by Worsley et ah (2005), whilst 
the next 15 cm of the core matched to the section of their core between 5 cm and 
12cm. The data from these cores suggests that there is up to a threefold difference in 
sedimentation rates across Speke Hall Lake. It is not uncommon for different rates of 
sedimentation to be found larger lakes (Balls and Kalff 1995; Yang 2002) but is 
strange in a lake of this small size. The core taken by Power and Worsley (2009) 
appears to have a different sedimentation rate again which seems to vary downcore. 
The peaks in ARM towards the top of the cores could indicate an increase in the 
concentration of ultrafine particles present in the environment caused by an increase 
in air traffic and vehicle usage during the late 20th Century (Power and Worsley, 
2009).
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The downcore profile of Pb and Zn profiles from our study would appear to indicate 
that the cores are not deep enough to record pre-pollution input levels (which is 
supported by the presence of PCBs in the lower parts of the core). There is a large 
peak in the Power and Worsley (2009) Zn profile which has been dated to 1966. The 
suggested explanation for this is that the rapid expansion of industrial development 
occurring in the Halton and Merseyside area at the time, caused a large increase in 
the pollution load to the area and that the disturbance of the surrounding land by this 
development released more sediment into the lake. Concentrations of Pb and Zn in 
the sediment appear similar between the cores.
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Figure 58: Comparison of Worsley et al. (2005), Power and Worsley (2009) and the core taken at 
Speke Hall for this study.
10.10 Chapter Summary
A number of studies have used urban ponds and lakes as a method of assessing the 
pollution history of a region and this core supports the use of these locations. 
However, it also illustrates that the location of a core within a lake can influence the 
recording ability of the sediment. Comparison between this core and ones taken by 
Worsley et al. (2005, 2009) shows that the record in this core is much smoother and 
does not have the same obvious maxima as Worsley’s cores. This could be due to 
differing sedimentation rates between cores or sediment focusing affecting the 
distribution of the pollution. However, all cores do show that the concentration of 
pollutant metals (particularly Zn and Pb) are decreasing towards the surface of the 
core.
In this study there is no correlation between xlf and the pollutant metals making the 
magnetic record a poor method of measuring past pollution in this case. The peak in 
indicators of ultrafine magnetic concentration (^ARM) in the middle of the core 
could be showing the final stages of reductive diagenetic breakdown of organic
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matter producing ultrafine magnetic particles. It is possible that the high organic 
matter content of the sediment and the variety of pollutant sources to this core - road, 
traffic, industrial incineration, chemical plant emissions of metals and PAHs - have 
masked out any specific source of pollutants and any specific magnetic relationship 
with these pollutants, e.g. Pb and %lf. The behaviour of the metals seems to be more 
related to interaction with other parameters (e.g. diagenesis) in this core than it was 
in the estuarine cores.
Lithogenic processes appear to be responsible for the behaviour of Al, Si Mg, Ti and 
K, whilst grain size controls are operating on Ca and Mn (grain size decreases 
downcore). Ca may also have a pollution control operating on it.
Cd, Zn, Pb, As, Ni, V and Cu also all show a positive relationship with Mn, whilst 
Ca, Y, Ba, V, As, Cd, Zn, Cu and Ni have a positive relationship with Fe. Vanadium, 
Cd, Zn, Cu and Ni also show a positive correlation with S, which would indicate a 
diagenetic control on their behaviour. However the correlations Pb, Zn, Cd As, Ni 
have between each other would support an argument for a pollution effect on their 
presence. Hg, PCBs and PAHs also have a pollution control. The correlations 
between the coarse grain sizes and PCBs and PAHs could be due to the presence of 
particulate organic matter associations
The down-core metal profiles are more stable in this core than in the estuarine cores. 
This probably reflects the less dynamic nature of the lake environment when 
compared to the one the estuarine cores are deposited in. Although the concentrations 
of pollutant metals (As, Cd, Ni, Hg, Zn, and Pb) are decreasing towards the surface 
of the core, indicating that the pollutant input to the region is also decreasing, they 
are still present at high levels.
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CHAPTER 11
COMPARISON OF THE THREE CORES AND THE PROBLEMS 
WITH DISEASE INCIDENCE DATA
One of the main strengths of this study is that the same techniques were used to study 
each core. This allows direct comparison between the results without having to 
account for differences caused by the use of differing laboratory methods or 
statistical analysis.
11.1 Comparison of Sediment Cores
Due to their locations, the processes acting on the Upper Marsh Core, Channel Core 
and Speke Hall Lake core will be different, perhaps less-so for the estuary core sites 
in terms of provenance (Upper Marsh and Channel). The Upper Marsh core is part of 
a stable, vegetated saltmarsh, whilst the Channel core is part of the muddy edge of 
the river and more frequently subjected to tidal disturbance and the Lake core is in a 
relatively undisturbed area surrounded by woodland. There is no river input to the 
Lake core and any aqueous input will come via overland runoff, whilst the cores 
from the estuary will receive aqueous input from both the river flow and periodic 
tidal inundations.
11.1.1 Organic Matter
It can be seen from the data that the amount of organic matter is higher in the core 
from Speke. This is probably due to the location of the lake, surrounded by trees and 
marginal wetlands. In all cores there is a downcore decrease in the amount of organic 
matter present, due to the breakdown of organic matter by bacterial action (Williams 
el al, 1994). This is accentuated in the saltmarsh where elevation above mean high 
water leads to the colonisation of the surface sediment by vegetation. Of the three 
cores, the Upper Marsh data seems to show the most fluctuations in organic matter 
content. This is likely to be due to the influence of productivity from the saltmarsh, 
its periodic emergence above the higher tidal levels as it accreted was interspersed 
with periodic inundations as sea-level rise operated to flood the marsh surface. The 
more stable profile at Speke is reflective of what is probably a relatively constant
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input of organic matter from the surrounding area. There are a few places in the core 
where organic content drops and this could be due to human activity in the area, e.g. 
occasional clearing of the vegetation from the edge of the lake or inwash event from 
the surrounding fields. The ranger at Speke Hall has confirmed that vegetation 
clearing is done on occasions (as is dragging of the surface of the lake to remove 
lilies) (Pers comm.).
Concentrations of Ti, Al, K, Zr and Si are higher in the estuary cores than in the lake 
core. This could be reflective of the lower amount of organic matter in the estuary 
cores, meaning that there is relatively more lithogenic based material present in those 
samples. It is also an indication of the finer grain size of the estuary cores as K, Ti, 
Zr and Al are generally found in clays and silts.
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Figure 59: Comparison of organic matter content.
11.1.2 Grain Size
There is a difference in the grain size between the 3 cores. The larger grain sizes are 
found at Speke, which could be due to the higher concentrations of particulate 
organic matter in the core or it could be explained by coarser grained sediment being 
brought into the lake by inwash from the surrounding land. Speke had much higher
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levels of organic matter than the estuary cores which could point to the larger grain 
sizes being particulate organic matter. This is probably due to the difference in the 
surrounding vegetation distribution. The lake is in a wooded area surrounded by trees 
which will account for the higher levels of organic matter found in the sediment, 
whereas the saltmarsh is located in a much more open area with much lower levels of 
vegetation and, therefore, lower concentrations of organic matter entering the 
sediment and the decomposition of surface vegetation. The rise and fall of the tide 
could have encouraged humification of the organic matter of the estuary cores. 
Another explanation for the coarser grain size found in the Speke core could be high 
amounts of slope wash bringing in eroded sediment from the surrounding land.
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Figure 60: Grain Size Comparison.
The majority of sediment in both the Channel core and the Upper Marsh core is mud, 
making them both a potentially good source for investigating the historical pollution 
input to the region (Cundy et ai, 1997). However, the more dynamic environment 
that the Channel core is from means that the record has a much higher potential for 
reworking at high frequency and, hence, only the general trends remain. It should 
also be remembered that any pollution record in estuarine sediments could have been 
subjected to a time delay between releases of the pollutant and its deposition into the 
sediment so accurate dating might not be possible unless it can be tied in with known 
pollution events.
11.1.3 Element, PCB and PAH Behaviour
Neither the Channel core nor the Lake core showed evidence of diagenetic 
remobilisation of Fe and Mn, whereas the Upper Marsh core did, probably because it
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was exposed to the air for prolonged periods. The Channel core location was much 
nearer the river and, therefore, was more likely to be submerged by the tide and 
affected by increased water flow within the Mersey. This will mean that the sediment 
will be more subject to erosion than the Upper Marsh core. The Upper Marsh core 
location was further away from the main channel and, therefore, it is likely that it is 
only flooded on higher tides.
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Figure 61: Fe, Mn and S Comparison.
The metal profiles in the Speke Hall core are more stable downcore. This probably 
reflects the less dynamic nature of the environment they are deposited in. They are
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not subjected to the levels of disturbance caused by tidal action and periodic flooding 
and the atmospheric flux will be more consistent and less likely to lead to a spike in 
concentrations than the aqueous flux of pollutants. There is no peak near* the surface 
in Mn to indicate post-depositional diagenetic remobilisation.
The increases in S in the estuary cores could indicate bacterial reduction of sulphate. 
Sulphur* often shows a peak just above the sulphate reducing zone (Rae, 1997). There 
is no really evidence of a peak in the Lake core although there is a mid-core drop in 
concentration.
It has been suggested by Turner (2000) that lower levels of Pb compared to Zn in the 
Mersey were due to the differences in transport modes bringing them into an estuary. 
He concluded that atmospheric sources were the more important source for Pb 
whereas as aquatic input was important for Zn. If atmospheric sources of these 
metals are more important than aquatic then that could account for the higher 
concentrations found in the Speke Hall core. The levels in the estuary cores could be 
diluted by aquatic inputs and the more dynamic nature of the environment. If the lake 
has input mainly from organic matter, dusts that settle into the lake and occasionally 
runoff this will provide a much lower supply of material than the regular inundations 
the estuary cores will receive from sediment laden tidal waters. This means the 
potential for ‘dilution’ by unpolluted mineral matter is much greater in the tidal 
setting. Interestingly Hg concentrations are highest in the Upper Marsh core, which 
could indicate that in the Merseyside area aquatic inputs are a more important source 
of Hg than atmospheric. This would support the theory that large amounts of Hg are 
stored in the sediments upstream around the river Weaver and Manchester Ship 
Canal and the remobilisation of these, e.g.by dredging, is leading to a constant supply 
to the downstream sediment record (Langston, 1986; Harland et al., 2000; Vane et 
ah, 2009). Cd shows the smallest variation between the cores (although 
concentrations are highest in the Speke core).
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A decline in pollution-related substances in recent sediments as seen in this study, 
has also been found by many authors (Fox et ah, 1999; Cundy et aL, 2003; Vane et 
ah, 2007) and these are usually related to either a decline in industry in these 
locations or improved discharge controls (either cleaner technologies or stricter 
regulations).
Like metals, PAHs have higher concentration in the Speke Hall core and again this 
suggests an atmospheric source for these compounds or less dilution by unpolluted, 
aqueously-derived mineral matter. It is also possible that the higher concentration of 
organic matter is giving high concentrations of PAHs, due to them forming an 
association with the organic matter, or even sharing a source e.g. soot particles from 
incineration (Brownawell and Farrington, 1986). Higher concentrations of PAHs at 
Speke could be due to the location of the core in a more urban setting close to 
industiy and an airport. Van Metre et aL (2003) have shown that rooftops in urban 
areas can contribute a high level of PAHs to lake sediment in the locality (as well as 
Zn, Pb, Cd, S, Cu and Ni). Rooftops collect atmospheric deposited contaminants and 
these can then wash off into the local environment during rain.
PCB concentrations are higher in the estuarine core than in the lake core and their 
concentrations fluctuate much more than those in lake. This could indicate that the 
majority of PCB contamination in the region is entering via waterborne routes rather 
than from atmospheric deposition, or that the levels in the estuary are appealing 
higher because of the amount stored within the sediment that is being remobilised, 
recycled and redeposited by the more dynamic nature of the environment.
Support for the source of pollution at Speke being predominantly atmospheric is 
provided by the increase in the lower chlorinated PCB towards the top of the core as 
these are the more volatile and most likely to be transported via atmospheric 
processes. Long range atmospheric transport is an important source of PCBs and 
PAHs to the environment and also to the exposure levels of human (Pereira et ah, 
2007).
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11.2 The Potential for Toxic Effects of the Sediment Pollutants
Levels of pollution in the cores were assessed using Canadian Sediment Quality 
Guidelines (CSQG) (CCME, 1995) and Soil Guideline Values. Sediment quality 
guidelines (Tables 5 and 6) have been proposed to allow estimates of the degree of 
pollution of the sediment to be made and an assessment of the potential for 
toxicological effects these pollutants have. One potential problem with using these 
values is that they do not take account of the potential interaction of the pollutants 
present (or the mobility of the pollutants within the sediment) and therefore may 
underestimate (or even over estimate) the toxicity of the sediment. These guidelines 
were developed as a method of predicting potential threats to aquatic life from 
pollution. The Probably Effects Limit (PEL) is the concentration at which adverse 
effects to aquatic life are most likely to occur and for the CSQG this means that 
above this value there is a 42% of effects occurring. CSQG are conservative in 
nature, possibly overestimating the threat to aquatic life, but are seen as a valuable 
method of predicting the potential for pollution impact in an area. They can be 
divided into three outcomes; below the TEL (Threshold level) - adverse reaction are 
rare; between the TEL and PEL - adverse effects occasionally occur; above the PEL 
- adverse reaction are occur at a statistically significant level.
The concentrations of all pollutants except for Cu, Cr and Total PCB at Speke are 
above those recommended by the Sediment Quality Guidelines and most of those are 
above levels thought to cause toxic effects to aquatic organisms. The concentrations 
for Oglet Bay are also high, indicating that all of these cores are polluted and that for 
many of the contaminants the levels are high enough to potentially cause toxic 
effects to the biota and therefore possible be a health risk for humans consuming any 
aquatic organisms that may bioaccumulate these pollutants.
Collinge et at (1996) showed potentially dangerous concentrations of metals in some 
fish caught in the Mersey in 1995; ~2mg/kg for Hg in eels (European Quality 
Standard = 0.3mg/kg), 13 mg/kg As in dab (recommended l.Omg/kg), Pb in eels 
~2mg/kg (recommended 2mg/kg) and many of these fish are taken home by the 
anglers to be eaten (Personal observation).
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Substance Sediment Quality
Guidelines (TEL)
Probable Effect level Maximum Recorded 
Value Speke
Most recent value 
Speke
Arsenic 5.9 mg/kg 17.0 mg/kg 41.7 mg/kg 19.7 mg/kg
Cadmium 0.6 mg/kg 3.5 mg/kg 6.65 mg/kg 1.68 mg/kg
Chromium 37.3 mg/kg 90.0 mg/kg 71 mg/kg 52 mg/kg
Copper 35.7 mg7kg 197 mg/kg 205 mg/kg 128 mg/kg
Lead 35.0 mg/kg 91.3 mg/kg 515 mg/kg 336 mg/kg
Mercury 0.17 mg/kg 0.486 mg/kg 0.94 mg/kg 0.59 mg/kg
Total PCBs 34.1 pg/kg 277 pg/kg 5.191302 pg/kg 2.068724 pg/kg
Acenaphthene 6.71 pg/kg f 88.9 pg/kg § 9618.367 pg/kg 1808.63 pg/kg
Anthracene 46.9 pg/kg t 245 pg/kg § 9717.931 pg/kg 4258.015 pg/kg
Benzol anthracene 31.7 pg/kg 385 pg/kg 606233.8 pg/kg 205589.1 pg/kg
Benzofelpyrene 31.9 pg/kg 782 pg/kg 905010.4 pg/kg 304440.7 pg/kg
Chrysene 57.1 pg/kg 862 pgkg 417008.8 pg/kg 159578.5 pg/kg
Dibenzfa4) anthracene 6.22 pg/kg f 135 pg/kg § 270943.1 pg/kg 73494.5 pg/kg
Fluoranthene 111 pg/kg 2355 pg/kg 451744.1 pg/kg 219306.2 pg/kg
Fluorene 21.2 pg/kg t 144 pg/kg § 6118.328 pg/kg 3764.309 pg/kg
Phenanthrene 41.9 pg/kg 515 pg/kg 47925.35 pg/kg 26993.32 pg/kg
Pyrene 53.0 pg/kg 875 pg/kg 375669.7 pg/kg 189829.7 pg/kg
Zinc 123 mg/kg 315 mg/kg 1538 mg/kg 512 mg/kg
J Provisional adoption of Marine ISQCs § Provisional adoption of Marine ISQCs
Table 5: Freshwater Sediment Quality Guidelines comparing the Speke Hall core with the
recommended concentrations.
Substance Sediment
Quality
Guidelines
Probable 
Effect level
Maximum
Recorded
Value
Upper
Marsh
Most
recent
value
Upper
Marsh
Maximum 
Recorded 
Channel Core
Most recent 
value Channel 
Core
Cadmium 0.7 mg/kg 4.2 mg/kg 2.67 mg/kg 0.33 mg/kg 1.72 mg/kg 0.518 mg/kg
Lead 30,2 mg/kg 112 mg/kg 316.89
mg/kg
146.75
mg/kg
227.84 mg/kg 126.29 mg/kg
Mercury 0.13 mg/kg 0.70 mg/kg 14.67
mg/kg
2.72 mg/kg 1.96 mg/kg 0.39 mg/kg
Total PCBs 21.5 pg/kg 189 pg/kg 95.52 pg/kg 38.0 pg/kg NA NA
Acenaphthene 6.71 pg/kg 88.9 pg/kg 201.09
Mg/kg
17.35
Pg/kg
NA NA
Anthracene 46.9 pg/kg 245 pg/kg 481.01
Mg/kg
251.60
pg/kg
NA NA
Benzfhr,) anthracene 74.8 pg/kg 693 pg/kg 5105.27
Mg/kg
1476.28
Pg/kg
NA NA
Benzo(a)pyrene 88.8 pg/kg 763 pg/kg 7233.95
pg/kg
2907.29
pg/kg
NA NA
Chrysene 108 pg/kg 846 pg/kg 11364.44
Pg/kg
923.43
Pg/kg
NA NA
Dibenz/i?, A) anthracene 6.22 pg/kg 135 pg/kg 1798.13
pg/kg
841.78
pg/kg
NA NA
Fluoranthene 113 pg/kg 1494pg/kg 5210.07
pg/kg
446.29
pg/kg
NA NA
Fluorene 21.2 pg/kg 144 pg/kg 164.86
pg/kg
17.22
pg/kg
NA NA
Phenanthrene 86.7 pg/kg 544 pg/kg 2184.35
pg/kg
582.09
pg/kg
NA NA
Pyrene 153 pg/kg 1398pg/kg 4998.13
pg/kg
637.79
pg/kg
NA NA
Zinc 124 mg/kg 271 mg/kg 747.49
mg/kg
321.22
mg/kg
550.58 mg/kg 328.72 mg/kg
Table 6: Marine Sediment Quality Guidelines comparing the Oglet Bay cores with the recommended 
concentrations based on dry weight concentration. Probable effect levels (PELs; dry weight). PEL is 
the concentration above which the sediments are shown to have statistically significance adverse 
effects on the benthic biota.
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substance
residential
with
plant uptake
residential 
without plant 
uptake
allotments commercial/industrial
Upper
Marsh
Recent
Channel
Recent
Speke
Recent
Lead 450 450 450 750 146.75 126.29 336
Mercury 8 15 8 480 2.72 0.39 0.59
Cadmium 1,2,8 (for pH 6,7,8) 30 1,2,8 (for pH 6,7,8) 1400 0.33 0.518 1.68
Table 7: Soil guideline values (mg/kg) (Residential with plant uptake is used for all properties with 
back gardens; Residential without plant uptake is used for all properties with communal gardens or 
no garden areas; Since there is no soil guideline value for open spaces, residential without plant 
uptake is commonly used).
Soil Guideline Values (Table 7) were developed by the Environment Agency, using 
human toxicology data, to give an indication of the potential risk to human health 
from exposure to a number of pollutants. Different concentrations are given for 
different land types partially due to the differing uses and users of the land. For 
example, children are more likely to be exposed in residential areas. If we consider 
the concentrations found in the various cores from the point of view of potential 
thr eat to human health then only the levels of cadmium found at Speke are a potential 
cause for concern. So whilst it is apparent from the data that there is a potential 
toxicological threat to aquatic organisms in the area, it would appear there is little 
danger to the human population from direct exposure to the sediment. However, if 
aquatic organisms have the tendency to bioaccumulate these pollutants and end up in 
the human food chain, then there is the potential for human toxicological impact, for 
example recreational fishermen from New Brighton, who take their catch home to 
eat, could be in danger.
Metal concentration is often used to assess the contamination levels of the 
environment however Kraepiel et al. (1997) have shown a lack of correlation 
between concentrations and toxicity, suggesting in fact that the speciation of the 
metals is more important than the total concentration. Metals that show a positive 
correlation with organic matter are likely to be strongly bound to the sediment and 
therefore less bioavailable (Lu et al., 2005). Kirby et al. (1998) showed that although 
contaminants might not be present at acutely toxic levels they could be responsible in 
lower concentrations for chronic toxicity.
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11.3 Pollutant and Disease Interactions
Unfortunately this study did not show any relationship between the levels of 
pollutants in the sediment cores and selected disease incidence on Merseyside (see 
appendix for disease data). It is likely that because of the complexity of the factors 
potentially responsible for disease in Merseyside, the statistical method used was not 
sensitive enough to identify causative relationships between pollution and health. 
There are a number of valid reasons why this could be, even when many of the 
pollutants being investigated have been shown to cause a variety of diseases and are 
present in the sediment in relatively high concentrations.
1. Pollutants rarely occur singly, therefore any health effects could be the result of a 
combination of factors rather than down to just one individual contaminant. This 
means that it can be incredibly difficult to identify which combination is responsible 
for a particular disease. Even if one particular pollutant is not directly responsible for 
a disease, it may enhance the effects of others, either by putting the body under stress 
or by pre-conditioning an organism to respond to another pollutant. The large variety 
of chemicals being emitted to the environment and the number of sources of these 
chemicals (Table 8) in the Merseyside area could account for the lack of any obvious 
cause and effect relationship between pollution and health in the area. The 
complexity of interaction between these chemicals and those that the population are 
exposed to on a daily basis from domestic and work sources, e.g. additives in food, 
chemicals at work, chemicals in toiletries and cosmetics, further complicates the 
issue.
2. There is the possibility of a time-lag effect, i.e. a disease response to pollution 
could take a number of years to manifest itself within the population (e.g. smoking 
can take around 20 years to cause a disease response), or it could require a number of 
years of chronic low level exposure to initiate a disease response. As the data for 
cancer incidence only covered a relatively short period, it is possible that the time lag 
effect was not picked up.
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3. Any relationship between disease incidence and pollution is being masked out by 
other local factors such as population movement, socio-economic levels of 
deprivation and other causes of disease, e.g. poor diet, lack of exercise, obesity, 
smoking etc. As there was no provision of patient history, it was impossible to 
eliminate cases that may have been caused by occupational exposure rather than by a 
general environmental exposure to potential causative agents.
Examples of discharges to t te Merseyside Environment
Discharges to the atmosphere Discharges to rivers and estuaries
Acetaldehyde (Ethanal), Benzene, Butadiene 
(1,3-Butadiene), Carbon dioxide. Carbon 
disulphide, Carbon monoxide, Carbon 
tetrachloride, Chloroform (Trichloromethane), 
Ethylene (Ethene), Ethylene dichloride, 
Formaldehyde (Methanal), Methane, Methylene 
chloride, Phenol, 1,1,2,2-Tetrachloroethane, 
Tetrachloroethylene, Toluene, Trichlorobenzene - 
11 ilsomers, Trichloroethylene, Vinyl chloride, 
Xylene (All Isomers), Dioxins and fiirans - as 
ITEQ, Hydrogen chloride, CFCs, Pentane,
Benzyl chloride, Halons (total), HFCs (total),
PM 10, HCFCs, p-Dichlorobenzene, 
Benzo(a)Pyrene, Butene - all isomers, Ethyl 
Toluene - all isomers, Pentene - all isomers, PFCs 
(total), Trimethylbenzene - all isomers, Nitrogen 
oxides (as N02), Hexachlorocyclohexane, 
Inorganic chlorine compounds, Inorganic fluorine 
compounds, VOCs (NMVOCs)
Aniline (Benzeneamine) Chlorides,
Fluorides, Permethrin, Nonylphenols, 
Nonylphenol ethoxylates, Octylphenols, 
Propetamphos, Benzyl butyl phthalate (BBP), 
Bisphenol-A, DEHP, Diuron, Halogenated 
organic compounds, Isoproturon, Nitrogen - as 
total N, Phosphorus - as total P, SCCPs (Cl0-13), 
Total organic carbon, Clotrimazole, Perfluoro 
octanyl sulphate, Triclosan, Asbestos, Aldrin, 
Arsenic, Atrazine, Azinphos-methyl, Benzene, 
Cadmium, Carbon tetrachloride. Chloroform 
(Trichloromethane), Chromium, Copper, DDT - 
all isomers, Dichlorvos, Dieldrin, Endosulfan, 
Endrin, Ethylene dichloride, Fenitrothion, 
Hexachlorobenzene, Hexachlorobutadiene, Lead, 
Malathion, Mercury, Naphthalene, Nickel, 
Pentachlorophenol & compounds, PCBs, 
Simazine, Tetrachloroethylene, Toluene, 
Trichlorobenzene -11 ilsomers, Methyl 
chloroform, Trichloroethylene, Trifluralin, 
Xylene (All Isomers), Zinc, Permethrin, 
Nonylphenols, Diazinon, Linuron, Dimethoate, 
Chlorfenvinphos, 1,1,2-Trichloroethane, 2- 
Chlorophenol, 2,4 D (Ester), 2,4 D (Non-Ester), 
2,4-Dichlorophenol, 4-Chloro-3-methylphenol, 
Azinphos-ethyl, Bentazone, Biphenyl, 
Chloronitrotoluenes, Demeton, Fenthion, Isodrin, 
Mecoprop, Mevinphos, Nonylphenol ethoxylates, 
Octylphenols, Omethoate, Parathion, Parathion 
methyl, Triazophos, Tributyltin compomids, 
Triphenyltin compounds,
Hexachlorocyclohexane
Table 8: A small sample of the chemicals being discharged to the Merseyside area under permit. 
There are over 200 companies licensed to discharge a wide variety of chemicals both into the local 
rivers and estuary and into the atmosphere.
4. The levels of pollutants in the sediment could have been concentrated due to 
diagenetic remobilisation and, therefore, overestimate the levels of pollutants the 
local population are exposed to. Any resuspension and remobilisation occurring
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could mean that the concentrations in the sediment are not representative of the 
chronological release and deposition of the contaminants.
5. Pollutant concentrations in the sediment are not necessarily representative of the 
levels that the local population are exposed to, due to differing pathways of exposure. 
For example, Hg could enter the environment via direct discharge to the river and, 
therefore, bypass the local population to whom the most important route of exposure 
might be inhalation from atmospheric discharges.
The assumption made in comparing the pollution data with the health data, is that the 
majority of human exposure in the Merseyside area is via inhalation. If this is the 
case, then the core taken at Speke Hall would be a better indicator of the potential for 
the contaminants to cause health problems, as the majority of pollutants measured in 
it will have come via atmospheric sources.
11.4 Prevailing Wind Data
The wind rose for Speke (Fig 63a) indicates that the prevailing winds for the area are 
from the west and the south, with the strongest winds coming from the west and the 
north west. The prevailing winds for Manchester (Fig 63b) are predominately from 
the south and west and, in general, are not as strong as those measured at Speke.
Figure 63a: Speke Wind Rose. Figure 63b: Manchester Wind Rose.
Prevailng wind speed and direction from 1969 to Prevailing wind speed and direction from 1949
1998. to 1995.
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The differences in wind strength and direction are probably due to the Speke location 
being near the coast and, therefore, subjected more to the influence of the Irish Sea. 
The wind direction would point to atmospheric sources of local pollution being from 
the Wirral and Ellesmere Port areas with some input from the St Helens, Warrington 
and Runcorn areas as well. All these locations have a long history of industry and in 
particular an association with the chemical industry which could help in explaining 
the variety of pollutants (heavy metals, PCBs and PAHs) found in this study. The 
strength of the wind from the Irish Sea area could point to long range sources of 
atmospheric pollution also being involved.
11.5 Chapter Summary
Although there are similar processes (sediment source and sedimentation rate, 
lithogenic control, grain size factors, organic matter content, diagenesis, pollution 
input, desorption) influencing the cores, the mechanisms by which these act will vary 
between environments. This can be seen from the variation in metal concentrations 
and correlations, the grain size differences, the amount of organic matter and 
pollutants present in the cores from the different locations. The less dynamic nature 
of the environment would suggest that a core from an isolated lake is less disturbed 
so would provide a more complete record of atmospheric pollution. It would seem 
that the majority of pollutants enter the Speke core from atmospheric sources, whilst 
the estuarine cores receive most of their pollutant input from aquatic sources.
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CHAPTER 12
CONCLUSIONS AND FURTHER WORK
12.1 Conclusions
A number of aims for the resear ch conducted in this thesis were suggested in Chapter 
One and several hypotheses were proposed to assist in investigating these aims; 
whether or not the data collected supports or refutes these hypotheses is discussed in 
the following text.
The first aim of this study was to investigate historic pollution in saltmarsh, intertidal 
and lake sediment cores taken from the South Liverpool area. This was done by 
taking cores from a saltmarsh and an intertidal area (both in Oglet Bay in the Mersey 
Estuary) and a lake at Speke Hall. The data collected from these locations supported 
the first hypothesis that the Mersey Estuary is a historically polluted ecosystem, and 
although levels of pollution have improved in recent years, concentrations of the 
main pollutants (Pb, Zn, Hg, Cd, PCBs and PAHs) are above the background levels 
that guideline values (CSQG) consider to be potentially dangerous to aquatic 
organisms. However, with the exception of Cd at Speke, none of the metals are 
present at a concentration that would be considered dangerous to human health. 
Polychlorinated Biphenyls (PCBs) and Polycyclic Aromatic Hydrocarbons (PAHs) 
are still present in concentrations that are considered to pose potential health 
problems for aquatic organisms and the local human population.
Environmental pollution in the Merseyside area is indicated by the levels of metals 
(in particular Pb and Zn) that have been recorded in estuary and lake sediment cores 
that are above background levels, and by the relatively high concentrations of 
organic pollutants (PCBs and PAHs) that were found in the sediment. The reduction 
in the levels of metal pollutants (Pb, Cd and Zn in particular) near the surface of the 
cores suggests that the Mersey area has become cleaner in recent year's. This could 
possibly be due to a combination of stricter government regulations on discharge 
levels, companies using cleaner technologies which limit the pollutants produced and 
a decline in the amount of industrial activity in the region. However, the reduction in 
Pb levels towards the surface of the cores could also be related to the reduction in the
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use of leaded petrol in recent years, or it may reflect other factors within the 
sediment core; such as a variation in particle size throughout the core or diagenetic 
processes occurring deeper in the sediment.
The organic pollutants do not exhibit the same trends of decreasing concentration 
towards the surface of the cores as the metals. This could be due to a number of 
reasons. Organic pollutants (PCBs and PAHs) have a wide variety of sources, 
including natural processes (vegetation burning), legitimate industrial releases and 
accidental releases from spillages. Many of the industrial sources have changed over 
the years, due to new industries moving to the area, old industries declining and 
closing and new technologies leading to new processes and, therefore, new 
sources/types of pollutant input. All these factors contribute to a great deal of variety 
in the mix of pollutants and concentmtions entering the environment. POPs are 
resistant to degradation, which means they persist in the environment for many years 
and this could have a smoothing influence on their concentrations, due to factors like 
their potential for storage in sediment and remobilisation (a process which could 
happen multiple times). The lack of a trend in sediment concentrations could also be 
partially explained by old equipment being decommissioned and placed in landfill, 
leading to the release of the contaminants contained within this equipment as it 
degrades, or the increase in road traffic, change in population density and change in 
industrial processes in the region over the last 50 years or even other unknown 
factors that do not appeal' to have a direct or specific link. The wide variety of 
industry in the Merseyside area means that trends in organic pollution input to the 
region and sources of these pollutants are probably masked by the number of sources 
(local, national and, potentially, international) emitting these substances over the 
years.
The second aim of this study was to attempt to distinguish different pollutant 
transport pathways between cores from a lake and the intertidal zone. The hypothesis 
is that there exists a difference in the sources and transport pathways of pollutants 
reaching sediment cores from different environments (lake, saltmarsh and sand 
bank); the lake core is likely to receive most of its pollutants via atmospheric sources 
whilst the intertidal zone will receive predominantly waterborne pollution. The 
differences in pollutant concentrations and profiles between the three cores can
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potentially be explained by the different sources of these pollutants. The data suggest 
that the majority of pollution entering the Speke Hall lake site is from atmospheric 
sources, whilst the Oglet Bay sites receive a mixture of waterborne and atmospheric 
contaminants. The fact that PAH concentrations are higher at Speke Hall suggests 
that the majority of inputs of these are from industrial and vehicular sources via 
atmospheric deposition. Lower levels are found in Oglet Bay, as the more dynamic 
nature of the environment here and the influx of relatively uncontaminated marine 
sediment have a diluting effect on PAH concenfrations. PCB concentrations are 
higher in the estuarine core than the lake core, suggesting that in the Merseyside area 
PCBs are primarily entering the environment from waterborne estuarine sources.
The differences in organic matter content and sediment grain sizes between the cores 
can be explained by local factors acting on inputs to the sediment. The organic matter 
present in the upper part of the Upper Marsh core is likely to be related to 
colonisation of the marsh by vegetation, whilst the very high levels of organic matter 
found at Speke Hall are due to the lake being surrounded by woodland and 
associated lake margin vegetation. The grain size of the organic matter at Speke Hall 
was predominantly in the sand grade. This could have been due to the high levels of 
organic matter present, to high levels of surface wash bringing in coarse grained 
organic sediment or to a combination of these two factors.
A third research aim focused on the viability of using sediment cores from different 
locations (saltmarsh, intertidal sand bank and lake) as a method of identifying 
historical pollution inputs to a region, which are dependent on the level of 
disturbance at a site and the pathways the pollutants take to reach the sediment. The 
Channel core is in a more dynamic environment than the Upper Marsh core and it is 
likely that any trends in pollution that could be detected have been smoothed by the 
nature of the processes taking place in the core location: high frequency working of 
the sediment before it enters the sediment record meaning, in essence, that the source 
to sink processing time is lengthened in this high energy environment. This means 
that a core from a dynamic setting is much less useful for determining the pollution 
history of an area than a core from a stable depositional environment. From the data 
acquired for this project it would appeal* that the core from the Speke Hall Lake 
location provides a more accurate record of the pollution history of the area than
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those from the more dynamic saltmarsh environment. Although if certain pollutants 
(e.g. PCBs) are more likely to be transported via estuarine routes, then a core from an 
area receiving predominantly airborne pollution (like that taken at Speke Hall) could 
under-represent the environmental concentrations of these pollutants.
If the assumption is made that the majority of human exposure to pollutants is via 
inhalation of airborne particulates, then the core horn Speke Hall lake would be a 
better core to use to assess potential health impacts of pollutants. Concentrations of 
most metals and PAHs are higher at Speke Hall pond which would suggest an 
airborne source, whilst PCBs and Hg are higher in the estuary core, which would 
suggest that their source is predominantly aquatic in nature.
The final aim of the thesis was to assess (as a discussion point) the potential viability 
of using the historical pollution record from sediment cores as a method of 
identifying and explaining pollution-related health issues in local populations. The 
ability to do this would be dependent on various factors including; local population 
dynamics, the continuity of the pollution record and the level of detail available in 
the health records available for a region. Unfortunately, due to the nature of the 
health data acquired for this project and the complexity in linking environmental 
pollution to health in both time and space, it has not been possible to show a 
relationship between the historic pollutant inputs to the region (as recorded by 
sediment cores) and the disease data. However, this does not mean that the industrial 
history of Merseyside has had no influence on public health; it simply means that 
more detailed investigation is necessary and the possibility that pollution is 
responsible for at least some of the high levels of disease in the area should not be 
ignored.
The failure to examine any link between the historical pollution input to the region 
and disease incidence illustrates the complexity of the factors involved in pollution- 
related disease incidence (local population dynamics, the continuity of the pollution 
record and the level of detail in the health records available for a region). With the 
health data obtained for this study, it is unlikely that a link between the pollution 
histoiy of the region and disease incidence could have been found. The number of 
factors involved in generating disease incidence and the pollution record mean that a
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statistically significant correlation was unlikely to be achieved. The data from the 
cores was from such a wide range of sources and large catchment area (including, but 
not limited to, the Mersey Basin and Manchester) that any local factors were 
potentially masked by input from the area as a whole. There was also the problem of 
spatial and temporal incompatibility between the data sets. The time period covered 
by the cores is different from that of the health data and, with the small number of 
cores taken, a spatial relationship would have been difficult to prove. For a future 
study of this kind to work, much more comprehensive data sets would be required, 
including cores from a much greater number of sample sites in the region, more 
temporal resolution of the data from the cores and much more detailed health and 
sociological data. Even then, generating a link between the data sets could be 
incredibly difficult, if not impossible.
One of the limiting factors in this study is a lack of appropriate dating (e.g. 210Pb) of 
any of the sediment cores. An attempt to date the lake core has been made by 
comparing the Speke Hall core to cores taken by other workers at the same site 
(Worsley, 2005; Power, 2009). This comparison suggests that the core from the 
present study is approximately 70 years old and is not deep enough to include the 
natural background levels of elements (the PCBs in the lower parts of the core 
support this theory, as they only began to appear in the sediment record in the 
1930s). An attempt to date the Upper Marsh core by using the Pb profile suggested 
that the increase in Pb concentration up-core from 60 cm depth possibly corresponds 
to the increasing use of motor vehicles from the 1950s onwards. However, both of 
these dating methods have the potential to be incorrect due to the fluctuating nature 
of pollutant input to the sediment, the potential for disturbance and remobilisation of 
the contaminants, and fluctuating sedimentation rates that can occur in the system. 
However, the strengths of the research presented in this thesis are both the 
comparisons it makes between lake and estuarine cores and the wide range of organic 
and inorganic constituents analysed using identical techniques.
The study is unable to demonstrate a link between the pollution history of the region 
and the regional health data available, due the uncertainties in the pollution histoiy 
reconstruction that was possible and complexity of factors involved in disease 
incidence.
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12.2 Further Work
There are a number of research avenues that must be pursued to fully investigate 
some of the issues revealed in the present study.
To establish a better temporal resolution of the pollution record, 210Pb dating of the 
sediment cores from all locations could be undertaken. This would enable a more 
accurate comparison of trends and deposition rates between the cores, it would allow 
an attempt to link up particular pollutants with known releases to the local 
environment e.g. PAHs with the Mersey Oil spill in 1989, and also an attempt to be 
made to see if there is a noticeable relationship between pollutant concentrations in 
the sediment and the introduction of government regulations/policy changes, e.g. the 
reduction in Pb concentrations with the introduction of unleaded petrol. It would also 
help with the attempt to link the pollution record to the health data by giving more 
accurate information about the variations in pollutant input to the system over the 
years and allow for the consideration of any time lag effects between the local 
pollution and any health effects. However, even with a better temporal resolution it is 
unlikely that a significant link between the pollutions and the health data would be 
found (due to the reasons discussed in the previous section).
A more detailed investigation of the variety of pollutant inputs from the local 
environment could be conducted, expanding the range to include more organic 
pollutants, for example those that make up the United Nations Environment 
Programme Governing Council ‘Dirty Dozen’: aldrin, chlordane, DDT, dieldrin, 
endrin, heptachlor, hexachlorobenzene, mirex, PCBs, polychlorinated dibenzo-p- 
dioxins, polychlorinated dibenzofurans and toxaphene and possibly polybrominated 
flame retardants and organometal compounds such as TBT.
A larger scale study could be conducted investigating more lakes in the area, for 
example to allow comparison of lakes in more developed parts of the Mersey Basin, 
e.g. Speke Hall, with lakes in less developed locations, e.g. Rostherne Mere in 
Cheshire (it should be noted, however, that although Rostherne Mere is in a more 
rural location than Speke Hall, it is situated next to the M56 motorway which could
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influence the variety and amounts of pollutants entering the lake sediment). The 
effects of the estuarine currents on pollutant dispersion could be investigated by 
undertaking a more extensive survey of the estuary, covering locations both upstream 
and downstream from Oglet Bay, on both sides of the estuary, to see whether there 
are any locations where sediments and, therefore, pollutants are being concentrated 
due to water circulation. This survey could also be expanded to include other 
estuaries within the Mersey Basin, e.g. the Ribble and the Dee, to assess the 
differences in pollution input in different parts of the region and compare more 
urbanised locations with more rural locations. A study like this would require a large 
amount of funding and might be better conducted as a number of smaller projects 
(e.g. PhDs). Each of these could be focused on a smaller area, with the overall 
methodology standardised between projects to allow for the data to be combined 
once the individual studies were completed.
A study investigating the potential bioavailability of the pollutants could be 
undertaken. It would be interesting to look at the whether or not these pollutants are 
found in the ultrafme respirable particle size fraction, which has the potential to 
cause numerous health problems when inhaled. More detailed particle size analysis 
could be carried out to investigate what particle size the most pollution is found on 
and see if it is the smaller grain size fraction. If there are high concentrations of 
contaminants on respirable particles sizes then remobilisation of these particle sizes 
could be a potential health hazard to people living near areas with sediments 
containing high concentrations of pollutants. This study could also examine metal 
speciation within the sediment, in order to identify those metals which are more 
likely to be remobilised by diagenetic processes, sediment resuspension or 
bioturbation and which, therefore, are a potential health hazard to aquatic organisms 
or the local human population.
The collection of more detailed health records (e.g. patient histories) for disease 
incidence for the region would allow an attempt to be made to eliminate genetic and 
socio-economic factors from the investigation and the development of a more 
comprehensive picture of factors affecting disease incidence in Merseyside. As part 
of this data acquisition, the collection of long-term data sets for disease incidence in 
the area could be undertaken. This would be a complicated process due to the
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potential time-lag between exposure, onset of disease and population flux in the area. 
The mode of exposure (inhalation, transdermal, ingestion) would affect these issues, 
as would the change in the level of population mobility in recent years. The varying 
nature of pollution input to the region and the variety of sources, both local and long 
range, would also have an impact on the ability to correlate disease incidence and 
historical pollution releases in the region. In order to try to link pollution with disease 
incidence, a variety of other long term data sets would be needed and would include 
data on the movement of people into and out of the region, data on sources of 
pollution both local and regional, and any potential long range sources and data on 
the various pathways that pollutants would take to arrive in the region (e.g. wind 
direction).
It is likely that, with the wide variety and complexity of data needed to examine 
possible links between the pollution history and disease incidence in the region, it is 
an unrealistic goal to set. A more feasible approach would be to concentrate on 
selected, fewer pollutants or on diseases with known pollutant links.
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APPENDIX 1
This Appendix contains summary tables of the Pearson Product Moment Correlation 
Co-efficient values for all the parameters tested for each of the three cores 
investigated. They are listed in the same order that that the cores are treated in the 
main text of this thesis: Upper Marsh Core, Channel Core and Speke Hall Lake Core.
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APPENDIX 2
DISEASE INCIDENCE ON MERSEYSIDE
Statistical Analysis of the Health Data and Comparison of the Health 
Data and Sediment Pollution Data
Hot Spot analysis of the renal and heart disease data was conducted using Arcview GIS to 
investigate whether there was any significant clustering of the reported incidence. The health 
and pollutant data were compared using Multinomial logistic regressions (see below) but no 
statistically significant relationships were found between any of the parameters (data not 
shown).
Hotspot Analysis
Hotspot Analysis was conducted on the renal disease incidence and the heart disease 
incidence to try to establish if there was any significant clustering of the data. The Hot Spot 
analysis was carried out using the inbuilt statistical analysis package found in the Arcview 
GIS software. The Hot Spot Analysis tool calculates the Getis-Ord Gi* statistic for each 
feature in the dataset. The resultant z-score indicates where features with either high or low 
values cluster spatially. The tool works by looking at each feature within the context of 
neighbouring features. A feature with a high value may not be a statistically significant hot 
spot. For a Hot Spot to be statistically significant, a feature will have a high value and be 
surrounded by other features with high values as well. The local sum for a feature and its 
neighbours is compared proportionally to the sum of all features; when the local sum is much 
different than the expected local sum, and that difference is too large to be the result of 
random chance, a statistically significant z- score results. The Gi* statistic returned for each 
feature in the dataset is a z-score. For statistically significant positive z-scores, the larger the 
z-score is, the more intense the clustering of high values (hot spot). For statistically 
significant negative z-scores, the smaller the z-score is, the more intense the clustering of 
low values (cold spot). The data was plotted in relation to the national average, to show areas 
where disease incidence was above, equal to or below the national average for each disease 
(heart disease and renal disease). The disease incidence was compared with the location of 
each case in the Lower Super Output Area in relation to other cases in the area and the 
surrounding areas.
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Multinomial Logistic Regression
Multinomial logistic regression was used in an attempt to determine a relationship between 
the cancer data and the pollution data. Data was tested in a variety of ways, including 5-year 
means. The 5-year means were calculated by dividing the pollution data into 5-year subsets, 
working backwards from the most recent data, and taking the mean of those data. These data 
were then processed against the cancer data using multinomial logistic regression (calculated 
in the statistics package SPSS 16). Multinomial logistic regression is applied in medical 
research as a method for predicting whether a dependent variable (e.g. cancer incidence) can 
be explained by the actions of two or more independent variables (e.g. historical pollution 
data). It will also indicate the relative importance of those independent variables in 
determining the incidence of the dependent variable. The statistical analysis was carried out 
a number of times (using both the raw pollution data and the 5-year means) comparing 
different time periods of the pollution data with the cancer data. This was in an attempt to 
establish whether there was a time-lag between the pollution appearing in the sediment 
record and cancer incidence in the area.
No statistically significant relationships were found between the health data and the 
historical pollution data. The potential reasons for this are discussed in Chapter 11 (see 11.3: 
Pollutant and Disease Interactions).
Heart and Renal Disease Incidence
The data below illustrate the distribution of heart disease incidence and renal disease 
incidence on Merseyside. It also shows the location of major industries in the area.
The first map (Fig 64) shows the location of areas that have both below (0.0-1.0) and above 
(1.0+) the national average incidence of renal (SMR) and heart disease (SAR).
The second map (Fig 65) shows the areas with above national average renal and heart 
disease incidence in more detail to better distinguish the locations that have a much high 
percentage of disease incidence.
Approximately two thirds of the Liverpool area has higher than the expected average for 
heart disease incidence. A Hot Spot analysis was run using the Arcview software and the 
results indicated that there clustering was occurring and less than 1% of that had occurred by
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chance. In epidemiology a cluster of cases is defined as “a collection of cases which are 
unusually close in time or space or both” (Wilkinson, 2006).
Approximately half of the Warrington area has higher than the expected average for renal 
disease incidence. A Hot Spot analysis was run and the results showed that, although there 
was some clustering occurring, most of that was by random chance.
The third map (Fig 66) illustrates the location of ‘hotspot5 clusters calculated by the Arcview 
software. The ‘hotspot5 analysis indicates that there is clustering occurring in heart disease 
incidence in the north of Liverpool and a small amount in the veiy south. Renal disease 
hotspots appear to be located in the centre of the Warrington area.
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Areas of Deprivation in Liverpool and Warrington
The maps below indicate the socio-economically most deprived areas of Liverpool and 
Warrington and these would seem to be approximately the same areas that have high levels 
of heart and renal disease.
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Figure 67: Indices of Deprivation for Warrington 2007. Lower Super Output Areas ranked by 
national quintile. Taken from The Warrington Partnership website:
http://www. warrinstonpartnership. org. uk/overview. html
Deprivation is measured by a number of factors including unemployment levels, the 
percentage of private households not owning a car, the percentage of private households not 
owner occupied, the percentage of private households with more than one person per room, 
access to education and disease incidence rates.
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Figure 68: Levels of deprivation in Liverpool (Source: Indices of Deprivation 2004, ODPM, Crown 
Copyright)
Cancer Incidence in Merseyside and the Surrounding Area
The cancer incidence data for the period from 1993 to 2005 for four combined groups, 
eleven individual cancers (totals for male and female) and five sex specific cancers for eight 
areas of Merseyside have been compared with the overall rates of those cancers for 
Merseyside and Cheshire and England. With the exception of leukemia, kidney cancer. Non 
Hodgkin Lymphoma, breast cancer, ovarian cancer, uterine cancer and prostate cancer, the 
combined Merseyside incidence rates are higher (in many cases much higher) than the 
national average for the same period. In the case of kidney cancer the figures are around the 
same as those of the national average, whilst for leukaemia and NHL they are lower than the 
national average
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Figure 69: Cancer incidence in the Merseyside area compared with the average for England.
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Figure 70: Total sex specific cancer incidence for Merseyside and the surrounding area 1993-2005 
compared with the average for England.
DISEASE INCIDENCE ON MERSEYSIDE DISCUSSION POINTS
Heart Disease Incidence and Renal Disease Incidence on Merseyside
Heart disease incidence in Liverpool appears to be located in clusters around the coastal area 
with relatively high numbers of industrial sites nearby. When considering the prevailing 
wind conditions, the areas inland from these industries could also be affected by any 
emissions to the environment. A number of studies have shown links between heart disease 
and air pollution (Dockery, 1993, Dockery et al., 2001; Roselund et al., 2006). ‘Hotspot’ 
analysis does show high levels in areas with clusters of industry. However, these are also the 
areas of the highest levels of deprivation. Unfortunately, because of the data available for 
this study, we are unable to identify whether high levels of heart disease in Merseyside are 
related to pollution or to other factors such as diet, smoking and lifestyle. Atherton (1999) 
stated that smoking is the single biggest contributor to heart disease on Merseyside.
The areas with the highest incidence of heart disease have been shown, in the past, to have 
high levels of unemployment (Merseyside Director of Public Health, 1995) and associated
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levels of poor health and correspond to the areas with the highest levels of deprivation, 
leading to the conclusion that socio-economic factors are responsible for much of the heart 
disease in the Liverpool area. Liverpool Public Health Observatory has shown that levels of 
heart disease correlate well with indicators of deprivation (LPHO, 1995). Surveys have also 
shown that the areas in Merseyside with the highest levels of unemployment also tend to 
have the highest levels of smokers and drinkers and low levels of people who exercise 
regularly and believe their diet is healthy (LPHO, 1995). A study by Milligan et al. (1998) 
revealed that children living close to the Liverpool docks were twice as likely to suffer from 
respiratory diseases than children living over 2 km away.
Renal disease in Warrington, although higher than average in several areas, does not appear 
to show any significant levels of clustering. However, in the ‘hotspot’ analysis the highest 
levels are in the cenfre of the Warrington region in areas of highest deprivation. There are 
two area of high incidence in the region and both of these have a number of industrial sites 
surrounding them and, as with heart disease, it is possible that emissions from these 
industries are being directed at these locations by the prevailing winds (Fig 63).
In both the Liverpool and War rington areas the higher levels of disease are found in the most 
socio-economically deprived locations. This means that it is not possible with the level of 
data available to make a definitive conclusion regarding whether the industry in the location 
is responsible for the higher levels of disease or whether they are related to the levels of 
deprivation in these areas. It is likely that there is a combination of the two factors at work, 
but this camiot be proven in this study. Areas of deprivation often have high levels of disease 
due to poor diet, high levels of smoking and, in recent years, increasing levels of obesity.
In order to assess the relative contribution of pollution to incidence of heart disease and renal 
disease we would need more information regarding the subjects of the study. For example, 
age, sex, socioeconomic status, smoking habits, body mass index, cholesterol, diet, and 
hypertension. There is also evidence that peri-natal exposure to a variety of pollutants can 
confribute to disease in adults (Baker, 1995), so information on early childhood and parental 
data could also be useful indentifying potential causes of disease.
With the renal disease and heart disease data it is not possible to look at long-term disease 
trends as the data provided was only for 1 year. However, data from annual health reports 
indicates that Merseyside has considerably higher levels of death from heart disease than the 
national average (Atherton et al., 1999). Deaths have been decreasing in recent years, but 
that is probably due to a combination of improved freatment and recent government
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campaigns to increase awareness of the causes of heart disease such as obesity, diet and lack 
of exercise and it is likely that these will have had some influence on the mortality rates.
Cancer Incidence on Merseyside
Cancer is responsible for 1 in 4 deaths in Merseyside (Atherton et ah, 1999). In particular, 
lung cancer rates are much higher than the national average and, whilst there is a drop in the 
number of men being diagnosed, the rates in woman are not falling and, in certain areas, 
appear to increasing and some of this is due to larger numbers of girls taking up smoking at 
an early age (Atherton et ah, 1999), Work has shown that the highest levels of smoking on 
Merseyside correspond to the inner city and urban areas with the highest levels of 
deprivation (Inequalities in health m the North West, 1998). Breast cancer rates are on the 
increase nationally and, with the exception of Ellesmere Port, levels in Merseyside are 
approximately around the national average. This would suggest that there is no regional 
influence on breast cancer rates.
For the four combined sets of cancer data (All malignant neoplasms. All malignant 
neoplasms under 65, All malignant neoplasms 65-74 and All malignant neoplasms 75 +) the 
eight areas in Merseyside have above the national average incidence with the exception of 
Ellesmere Port (in the early 90s) and Warrington (in recent years) for the under 65 age 
group. Levels of these cancers have remained relatively stable as have those of colorectal 
cancer. Bladder cancer, lung cancer and pancreatic cancer incidence appear to be on the 
decrease, whilst melanoma is increasing and stomach, oesophagus, NHL, leukaemia, kidney 
and brain cancers do not appear to be exhibiting any obvious trends. Cancers that have above 
national average incidence for most areas around Merseyside include total cancer incidence, 
bladder, brain, colorectal, lung, oesophagus and pancreatic cancers. The remaining cancers 
have levels that fluctuate around the national average. For the sex specific cancers, 
Merseyside areas seem to be around the national average for all except cervical cancer for 
which incidence is above national average for most areas.
Colorectal and uterine cancer have been shown to not be affected by levels of deprivation 
whilst brain, breast, leukaemia, NHL, prostate and testicular cancer rates are higher in less 
deprived areas. Lung, cervical, oesophagus, bladder, kidney, stomach and pancreatic cancer 
show positive correlations with deprivation (Quinn et al, 2001).
Of the cancers listed above the following have been shown to have an environmental link 
(including from occupational/workplace exposure (Bodner et ah, 2003)), lung (air pollution)
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bladder, brain (including a link with petrochemical exposure) kidney (cadmium and asbestos 
exposure) NHL and of those bladder, kidney and lung have also been linked with tobacco 
usages (Schottenfeld, 1996; Quinn et ah, 2001).
Other causes of cancer can be tobacco use (Das, 2003), genetics, behavioural e.g. breast, 
ovarian, and uterine cancer increases have been suggested to be related to a delay in the age 
of reproduction in the western world (McPherson et ah, 1994), dietary (colorectal cancer - 
Krongborg et ah, 1994; Adami and Trichopoulus, 2003), disease (e.g. cervical cancer and the 
human papillomavirus, Quinn et ah, 2001) and even sunbathing and sunburn (including sun 
bed use) for the increase in melanoma.
One of the main arguments against cancer being an environmental disease is that it is a 
disease of aging with levels higher in older people (Quinn et ah, 2001). However, if levels of 
some cancers are related to long term chronic exposure (e.g. lung cancer can take 20 years or 
more to develop in a smoker) then it is to be expected that incidence will be higher amongst 
the elderly, as they will have been exposed to low levels for a longer period of time.
Socio-economic factors are an important consideration when investigating disease incidence. 
Socio-economically disadvantaged people tend to live closer to sources of pollution, as these 
are less desirable areas and, therefore, house prices are usually lower. These groups are, 
therefore, more likely to be exposed to any potential industrial sources of pollution, which 
could, at least partially, help to explain the heart disease clustering in the areas of higher 
deprivation in Liverpool and Warrington. However, these people are also more likely to 
work in industries where they will be exposed to potential toxic chemicals and poorer people 
are known to have higher rates of disease, including cancer, due other lifestyle factors such 
as smoking and poor diet (Wilkinson, 2006).
A report in 1990 on pollution and health in Merseyside showed a direct correlation in overall 
SMR and the proportion of industrialised land in the area (Hussey et ah, 1990). This study 
controlled for socio-economic factors and still showed higher levels of mortality in industrial 
areas of Merseyside. The study also raised the issue that as well as known sources of 
industrial pollution, there are many landfill sites in the region which could be contributing to 
the pollutant load. This study also found a consistent trend of higher levels of cancer 
associated with areas containing a high proportion of industrialised land (although this was 
not statistically significant).
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It still remains a fact that the Merseyside area has higher levels of most major cancers than 
the national average and, in some cases, other similarly industrialised and deprived regions 
(Fig 71). There are many reasons why this could be the case, including the levels of industry. 
However, with the data available it is not possible to assign blame purely to the industrial 
history of the region.
420.0
410.0
------- Merseyside and
Cheshire CN
400.0
390.0
—.... Humber and Yorkshire 
Coast CN380.0
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Pan Birmingham CN360.0
350.0
Figure 71: Comparison of cancer incidence (all malignant neoplasms) for selected industrialised 
areas of the UK.
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